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A Suggested Relocation and Respacing of the Union 
Colorimeter Scale for Lubricating Oil and Petrolatum 


By Deane B. Judd, Lorenzo Plaza, and Marion A. Belknap 


At the request of Research Division IX, Committee D-—2 of the American Society 
for Testing Materials, a study of the chromaticities and daylight transmittances of petroleum 
products has been carried out. From the results of this study a recommended relocation 
of the ASTM Union colorimeter scale has been derived that is intended to minimize the 
difficulties frequently experienced in the color-grading of off-color petroleum products 
This study also revealed in some detail discrepancies in color-grading between laboratories 
ascribable to failure of the glass color standards of the various Union colorimeters to conform 
to the master standards. It has been found possible to respace the color standards along 
the relocated locus by changes smaller than these interlaboratory discrepancies so as to 
vield uniform color steps as perceived by the eve under the conditions of observation pre- 
scribed by the method of test in ASTM D 155—45T 


Union colorimeter scale is presented as a suggestion for possible adoption by the industry. 


This relocation and respacing of the 


I. Introduction 


Since 1923 it has been customary to measure and 
fy the color of lubricating oil and petrolatum 

by means of the ASTM Union colorimeter.' This 
lorimeter consists of an artificial daylight as- 
sembly with flashed-opal diffuse light transmitter: 
ar of internal diameter between 32.5 and 33.4 
to hold the test sample; a series of 12 glass 
standards ranging from pale greenish yellow 

rk red and mounted in a vertical slide that 

be raised or lowered to permit one or another 
standards to be viewed; a light shield to 

vent extraneous light from falling on sample 
standard; and an arrangement of partitions and 
aphragms permitting the observer to view the 
lor of the glass standard and the color of the test 
sample as filling two circles subtending at the eye 
{the observer about 2° with their centers sepa- 
ted by about 6°, the surrounding field being 
The glass color standards are combinations 


{ Tentative method of tests for color of lubricating oil and petrola- 
eans of ASTM colorimeter, ASTM Designation: D 155-45T, 
andards, part III-A, p. 839 (1946). 
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of Lovibond glasses obtained from Tintometer, 


Ltd. 


The spectral transmittances of the master 
standards for the Union color scale were deter- 
mined at this Bureau,’ and their luminous trans- 
mittances, 7), and chromaticity coordinates, z, y, 
were computed in accord with the ICI standard 
observer and coordinate system for colorimetry ° 
by Scofield, Judd, and Hunter.‘ 


the Lovibond analysis of these master standards 


Table 1 repeats 


given in D 155-45T (see footnote 1), and gives the 
luminous transmittances and the chromaticity co- 


ordinates both on the ICI system (z, y) and on the 


UCS System (7, 9 s 


2 Report of NBS Test No. 57968, issued December 18, 1929, to ASTM 
Committee D-2 on Petroleum Products and Lubricants, 

3 Proceedings, Eighth Session, Commission Internationale de L’ Eclairage, 
Cambridge, England, September 1931, p. 19-29; also A. C. Hardy, Handbook 
of colorimetry (Cambridge, Technology Press, 1936); also D. B. Judd, The 
1931 ICI standard observer and coordinate system for colorimetry, J. Opt. 
Soc. Am. 23, 359 (1933 

‘ F. Scofield, D. B. Judd, and R. 8. Hunter, A proposed method of desig- 
nating color, ASTM Bulletin, p. 19 (May 1941 

§'D. B. Judd, A Maxwell triangle yielding uniform chromaticity scales, 
J. Research NBS 14, 41 (1935) RP756; J. Opt. Soc. Am. 25, 24 (1935). 





TABLE 1 Colorimetric specifications of the 
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To determine the ASTM color number of an 
oil, the oil is put into the standard jar, and the 
jar is placed in the right-hand compartment. In 
the other compartment is placed a 4-ounce sample 
bottle of distilled water 
covered with the light shield, and the artificial 
The color of the oil 
is obtained by determining the class color standard 


The jar and bottle are 
daylight lamp is lighted 
that most nearly matches the color of the oil 
under examination. The colors of oils that are 
intermediate to the standard colors are expressed 
in terms of the darker as “lighter than” or “‘minus”’. 
For example, an oil that has a color between 7 
and 8 is expressed as “lighter than 8” or “8 
minus”, In determining the darker colors, the 
daylight lamp is sometimes moved closer to the 
opal-glass diffuser. 

For many oils the Union colorimeter is quite 
satisfactory. The results are obtained rapidly, 
and one observer can repeat his own results or 
This 


indicates that the glass color standards have been 


those of another observer without trouble. 


chosen with some care so as to cover the color 
Other 
oils, however, depart considerably from the locus 


range of these oils with good precision. 


of colors defined by the 12 standards of the Union 
color scale. For such oils, the observer finds that 
none of the standards vields a color match, nor 
does it seem to him that the oil color is intermediate 


between any two of the standard colors. 


II. Committee Deliberations on Relocation 


Color is a three-dimensional quantity; it re- 
quires for its specification at least three independ- 


560 








12 glasses com- 






ent scales. The simplicity of the Union 
scale is based upon the fact that it describes 
That is, the ! Muy 


color scale corresponds to a single (curve: 


one-dimensional variation. 


‘ . ; | 
in the color solid, and it serves well for thos« Olors I 
Relocation fim" 


of the one-dimensional color scale cannot mak; 


represented on (or near) that one line. 


applicable to all oils, but by choosing color tar 
ards that correspond to the average color of , 
it is possible to minimize the difficulties introd 
by off-color oils. 

Another source of error in grading Olls 
ASTM Method D 155-45T arises from the dif 
culty of obtaining precise duplicates of the mast 
At its Det : 
meeting in June 1948, Subcommittee VI on Col 
ASTM Committee D-2 on Petroleum Produ 
Tagliabu im" 
maker of the ASTM U; 
colorimeter, in an attempt to make possibk 


standards of the Union color scale 


decided to cooperate with the C. J. 
Manufacturing Co., 


procurement of color standards from an Americ 


source of supply, procurement of  satisfact 


duplicates from the present foreign source 


(Tintometer, Ltd., 
having become increasingly difficult, due primar 


supply Salisbury, Englai 
to shortage in the supply of Lovibond class 
It was proposed first that the master standa: 
or duplicates of certain of them that have be: 

scratched or chipped, be submitted to the Corn 
Glass Works as a guide in the preparation of 
set of glasses that should give a visual match | 
the colors of the master standards. Second it 
was proposed that these matching color glass 
be submitted to a referee laboratory, such as | 
Nationa! of Standards, so that tl 
spectral transmittances might be determined a 


Bureau 


the luminous transmittances and chromati 
coordinates for illuminant C caleulated. Th 
it was suggested that tolerances in the pro 
mept of duplicates from Corning Glass Works 
set at + 0.006 in chromaticity coordinates 
on the UCS system and either at +10 percent 
the luminous transmittance or at 10 peres 
the darker glasses with smaller tolerances 
sliding scale for the lighter glasses, the diff 
between the approved matching color glasses a! 
the duplicates to be evaluated by visual color 
etry. 

Following the Detroit meeting, a summ 
available colorimetric data (transmittanc 


chromaticity coordinates on the UCS syst 
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ster standards and certain approximate 
es of them prepared before 1939 by the 
ass Works of Germany was drawn up by 
Hancock, Chairman, and circulated on 

11, 1948, to the members of the sub- 
tee. This summary included remarks on 
Iness of match judged by visual comparison 
Jena approximate duplicates with the re- 
master standards. This comparison cor 
ed the proposed tolerance on chromaticity 
lates (7, g, b) of 0.006, and suggested that 
nsmittance tolerance be set at 10 percent 


Union No. Ss 


t percent for the lightest 


darkest glass and progres- 
educed to about 

No l 
On November 5, 1948, a meeting of representa- 
sof the C the Weston Elee- 
Instrument Co., the Corning Glass Works, 
Subcommittee VI, ASTM D-2, was held to 


scuss feasibility of procuring from Corning Glass 


J. Tagliabue Co.., 


rks duplicates of the master standards within 
The representative of 
A. J. Werner reported 


t the present glasses available through Corning 


ses iweested tolerances 


Corning Glass Works 


uld permit two-component combinations, one 
iponent being amethyst glass, to be made that 
ild satisfy the tolerances above Union No. 3 
that those below 3 exhibited a consistent 
toward vellow A number of sets of these 


Mr. Werner 


d to investigate the possibility of using a 


Sses have been made up and sold. 


ent combination of glasses that would satisfy 


tolerances for glasses below 3% also. 
Following this preliminary meeting, the Novem- 
948 meeting of Subcommittee VI was held 
Chicago. It was pointed out in discussion of 
Werner’s difficulty with glasses to duplicate 
that measure- 
Diller, De 


indicated that they departed 


chter standards (less than 3 


nts of 22 petroleum products by 
and Wilson ‘ 
he Union locus in the same range and diree- 
It was voted that the subcommittee under- 
» determine the average colors of oils in the 
f Union 1 to 3's based upon a more adequate 
i than is afforded by the 22 products meas- 
Diller, De Gray, and Wilson. Accord- 
he various members of the subcommittee 
ted representative samples of finished and 


IT. De Gr l W 


processed petroleum products up to and including 
Union No. 3% to H. M. Hancock, Chairman <A 
selection of 49 representative samples of this 
group of petroleum products was then made, and 
the 49 samples were sent to this Bureau for meas- 
urement of luminous transmittance and chroma- 
ticity coordinates. One purpose of this paper is 
to give the method and results of these measure- 
ments and to recommend a relocation of the Union 


color scale based upon them. 


III. Committee Deliberations on Respacing 


At the Chicago meeting, the question of whether 
the present spacing of the color standards of the 
Union seale ought to be duplicated was also 
raised. 
ceeds by half steps up to 5, then by whole steps 


It was pointed out that the seale pro- 
up to 8. Furthermore, the perceptual difference 
between Union No. 6 and 7 is much smaller than 
This is shown by the 
spectrophotometric determinations (see table 1, 
0.938) and by visual in- 


Would it not 


be better, it was argued, if we are going to re- 


that between 7 and 8. 
re=—0.841, rz=0.860, rs 


spection of the master standards. 


locate the Union locus anyway, to request Corn- 
ing Glass Works to supply duplicates of a master 
set of standards having as close an approximation 
as is possible to uniform perceptual spacing? Is 
it not foolish to reproduce with great care all of 
the defects of a choice of color scale made in 
1923? Some members of the subcommittee view- 
ed with discomfort the prospect of changing the 
meaning of the This 
would cause confusion between the old and the 


various Union numbers 


new meanings and would give rise to disputes 
and dislocations of present practice in writing 
purchase specifications of petroleum products, 
they thought. It was pointed out by Mr. 
Hancock, however, that a great improvement in 
uniformity of spacing could be achieved by mak- 
ing changes that would be less than the spread 
between color standards of the same Union color 
number in the different colorimeters now in use. 
He presented two tentative suggestions, one at 
the meeting, one soon after, in a letter of Novem- 
ber 24, 1948, showing that only relatively small 
changes might be required. Table 2 gives these 
tentative suggestions in terms of the r-coordinate 


of the UCS-system. 





TABLE 2 Suggestions by H. M. Hancock for respacing of 


the l'nion color scale 
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It may be seen from table 2 that the chroma- 
ticity spacing ((Ar/AN) of the revisions suggested 
by Mr. Hancock is indeed much more constant 
than that of the present Union scale. The varia- 
tion in step size has been reduced from 0.100 in 
the Union scale to 0.018 in the Chicago sugges- 
tion and to 0.012 in the suggestion of November 
24. These marked improvements in chromaticity 
spacing have been obtained by shifts that average 
about 0.2 of a step in the Union seale. In eriti- 
cism of Mr. Hancock’s suggestions, however, it 
was remarked at the Chicago meeting that the 
perceptual size of the steps in the color scale 


might not be correctly indicated by spacing of 


the r-coordinate of the colors The UCS system 
gives a close approach to uniform chromaticity 
spacing only when the luminance of the fields 
being compared remains substantially at the same 


level. Since the luminous transmittance of the 


standards varies from 75 percent down to 0.2 
percent, there is some question whether there is 
enough light available to permit the eye to dis- 
tinguish the chromaticity differences between the 
darker members of the set of color standards with 
as much facility as those between the lighter 
members. Since the method permits moving the 


daylight lamp closer to the diffuser for the darker 
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colors, it would seem that a lack of sufficie: 
is to be admitted and that some account sho 
be taken of the luminance of the fields being 
pared by spacing out the darker members of | 
color scale more than would be indicated }y 
uniform spacing of chromaticity alone. 
Another possibility that ought to be tak: 

account is the fact that the members of each 


of neighboring color standards in the set 
appreciably in luminous transmittance. Alt hou 
the separation of the two fields to be compared 
a sizable dark area tends to obscure thi 
nance difference between them, it is possib 
the perceptual size of the step depends ip] 
ciably on the luminance difference as well as 
chromaticity difference. 

It was agreed at the Chicago meeting 
suitable account should be taken of thes: 
factors, and one of us (DBJ) was requested 
derive a respacing of the Union scale that sho 
appear uniform under the conditions of view 
embodied in the ASTM Union colorimeter. It 
of this 


results of the derivation made. 


the second purpose paper to give 


IV. Measurement of Luminous Transmit 
tance, T, and Chromaticity Coordinates 
x, y, of 49 Samples of Petroleum Products 


Each of the 49 samples was compared by t 
substitution method with two glass standards 
known spectral transmittance by means of 
photoelectric colorimeter with tristimulus filt: 
belonging to the Henry A. Gardner Laborato 
Bethesda, Md. This 


especially for the 


colorimeter is desig 


measurement of liquids 
cylindrical cells and permitted one of us (MA! 
to make the measurements of the samples with 
removing them from the sample bottles, w! 
conform closely to the requirements of AST) 
Method D 155-45T for the standard jar. That 
are due to R.S. Hunter of the Henry A. Gardne 
Laboratory for his courtesy in permitting us 
bring the oil samples to his laboratory for the 
measurements. The glass standards used are | 
master standards developed to check photo: 


colorimeters used to determine a color index ! 


7 R. S. Hunter, Photoelectric tristimulus colorimetry with t 
NBS Circular C429 (July 30, 1942 
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im products 5 These glasses resemble TaBLe 3. Luminous transmittance, T, and chromaticity 


° ( > | AS - , . 
im products closely in spectral character- coordinates x, y of 49 petroleum products 


| Development Co., Atlantic Refining Co., Socony-Vacuum Oil 
Sun Oil Co., Esso Standard Oil Co., and Phillips Petroleum Co 
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stics. The luminous transmittances of these 
dass standards for ICI illuminant C (average ASTM or NPA Chromaticity 
= ‘ . color number coordinates — 
lavlicht) have been computed, together with the - rare light 
. . 4a DO ory 
aii ‘aie a “dinate > vw) bvr ne tthods Serial From | andsample wane 
hromaticity coordinates (2, y) by routine methods number aneseet | member mit- 
P P mn . Reported — ; - - ‘ tance, 
see footnote 3). The reduction of the data to by refiner | Core : ) T 
vield these quantities for the 49 samples of match 
um products was likewise carried out by 
hods (see f » 7). Fr he , “7 1° Cos | So | Cem 
it methods (see footnote 7). rom the 9 1 Dk 8 E-6 343 66 848 
nent obtained between results by way of “4 2 A-l 317 327 804 
, lards it i . 1 tl | ral ' i 1 Dk ) E-1 4 37 866 
ferent standards 16 Is estimated that the vaiues 5 1 0 B-1 352 386 847 
of chromaticity coordinates (z, y) are uncertain 
i ne : 6 1 Lt 4 E-7 326 44 897 
y not more than 0.005. Table 3 shows the re- : . s ig cm ~- mead 
Its; figure 1 is a portion of the (z, y)-chromaticity 8 1.0 D-222 52 79 819 | 
yg ' ) Lt 1-227 7 392 824 
liagram showing how the chromaticity coordinates - T a ne ne vas 
these oils compare with the master standards 
' a ry . 11 l l I 402 445 7s 
the Union color scale. The curve is the recom- . 14 Dk 6 E-10 418 162 760 
ended relocation of the Union color scale; it is 13 1.1 ts 6 397 538 
. 14 1! 1.6 D-218 422 144 634 
ntended to be a smooth average of the chromatic- : vr an — "9 
y variation shown by the petroleum products. 
. . . . . l¢ { 7 432 TOO 
Note that with three exceptions all of the oil - os - - — on 
samples between Union 2 and 3% deviate from the 18 1 l B-2 404 445 782 
ia lee Aimee f tl sil Reems 19 1. D-22 11 455 741 
on locus in the direction of the spectrum locus. a0 20 \-4 466 166 seg 
his corroborates the report by Diller, De Gray, 
: . : 21 48 407 148 768 
Wilson (see footnote 6), although these . 13 ' 4 482 503 635 
eviations average less than those for the petroleum 23 2 2.0 ‘74 195 626 
; 24 2 2.2 D-224 191 int 0) 
oducts studied by them. It would appear ~ co | Sen oa o- nee 
from figure 1 that an appreciable reduction of 
a . . . at 2 2 D> 214 {su 476 420 
ouble from off-color oils is to be obtained by this “3 Db : 
e ys) p i P ‘ 3 WH) 650 
location of the Union color scale. ms 2 ) ( oe 191 ts 
: ; 29 2.1 B 479 472 ti) 
In addition to accomplishing their chief purpose “ - : > pos on _ 
f supplying information basic to relocation of the 
| ° 2 2 B-4A 19 168 440 
nion color scale, these data also constitute an ~ “e —o oo oe 
iterlaboratory comparison of grading by the 33 2 2 B4 Arig $22 
rT. ’ rrr . M 2 } 178 vis 
STM = «Union colorimeter. This comes about . a nd ro ~ 
om the fact that 46 out of the 49 oil samples 
. -_ ’ 5 24 Dk E-11 194 45 186 
vere marked with the ASTM (or NPA) number > D-220 2 462 310 
vhen submitted.’ From figure 1 it is possible to 8 2 2 A 4 \" 42 
t : : 1 >] 9 2 4 ts 457 392 
stimate with a maximum uncertainty of 0.2 . - . 
. ‘) "4 s ite < is! 
nion step what this number would be if the 
q 41 B-5A 0) 452 349 
judgment had been made on the basis of nearest 1. B ¥ ‘57 300 
hromaticity. These estimates are given in the ‘3 2 | D-231 ") “4 ya) 
44 L)—22¢ ; 440 267 
column of table 1. It is seen that on the . ~~ rm oe 7 
ve the ASTM number reported by the re- 
ae rv t ; 457 74 
sed method for determination of a color index for petroleum ‘7 3 Lt 2.7 E-9 2 470 sti 
Appendix IV, 1947 Report of ASTM Committee D-2 1X ‘ { 4-9 9? 0 127 
vledgment is made to the following laboratories supplying these 19 E-12 ‘40 444 27 
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finer agrees closely with those indicated by this TABLI i Interlaboratory comparison of grading sa 
colorimetric study. However, one oil (Serial ASTM Union Colorimeter 
No. 48) is graded lower by 0.7 than our measure- 0 
. . ASTM number reported by the laborator 
ments would place it, and another similar oil sore Unies refiner minus the ASTM number obtain g 
— 
: ~ _— Saal present test 
Serial No. 49) is graded higher by 0.3. This soperted by m 
suggests that there is a serious discrepancy between Lab. A Lab. B Lab.C Lab.D Lab. } gl 
the Union 3! glasses used in the two laboratories in 
Table 4 gives a breakdown of this sort of dif- - r 
l OR 
ference according to laboratory It will be noted if 00 
that there is a remarkably consistent tendency for ads LO 
. 19 ‘ fT 
one laboratory to read high by about 0.2. for two Dk ! 
laboratories to read low by 0.2 and 0.3, respec- ’ 
tively, and for one laboratory to vield agreement 1 0 0 | ul 
with the present results 
Dk ’ 
| ai 
V. Respacing of the Union Color Scale ; saath ‘ 
2 Dk 4 
By reference to ASTM 8) 155 15T (see foot- 2he Lt a 
note 1), 1t may be seen that the observer views 9 ‘ | j ‘ 
two circular spots of color (9/16 inch in diameter ' _ 
*K 2 
at a distance of 15 inches) subtending about 2 
at his eve with their centers separated by about sittin . 
6°, both surrounded by a dark field. The light | ar 
source (60-watt bulb of about 13 lumens per watt ( 
supplies a luminous flux of 780 lumens nearly all | 
of which, because of the reflector, is fairly uni- ; rl 
formly distributed over the hemisphere viewed 
seomyu ; 
28 
y 0 
@2\/2 BS sesmyp I, 
45 ’ . 4 . 
2@r oc) Te) 
e: ‘ 
see 
>, | \ 
| \ 
| s/t 
= | 
@ Union Colorimeter sti 
© Petroleum Products 
| 
| 
3 5 4 4 5 a6 
x 
Fiet RE |! Compa son of the chromaticities of the Union colorimeter standards with those of represe nlative petre th 
products collected by Subcommittee VI (now Research Division 1X), ASTM Committee D-2. 
rhe curved line on tl r.y)-chromaticity diagram, running from the point representing illuminant average daylight) to a region near the 
locus at 585 mg and beyond, corresponds « ‘ to the average of these petroleum products, and is recommended as a relocation of the Union colorime Re 
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toward the opal-glass diffuser, except that there 
sa bright spot corresponding to the lamp filament 
ocated Close to the axis of the instrument. The 
wrtion of the diffuser viewed in either of the observ- 
¢ ficlds subtends at a distance of 4 inches about 
entieth of the hemisphere. The useful 
cht flux striking the diffuser is about 60 lumens. 
This tux would light up a perfectly transmitting, 
erfectly diffusing plate to a luminance (photo- 
metric brightness) of about 45 foot-Lamberts 
Counting the transmittance of the flashed-opal 
fuser as 30 percent and the transmittance of 
the daylight filter as 16 percent, we find the lumi- 
ance of the field without any oil sample or glass 
olor standard interposed to be about 2 foot- 
Lamberts. This is about double the least lumi- 
nance required to permit the eye to detect 
hromaticity differences with an approach to 
maximum efficiency; so it may be concluded that 
he lighting unit is all that could be asked for if 
sed for samples that transmit more than 50 per- 
nt (Union No. 2 and lower), but that darker 
samples would be more easily distinguished in 
hromaticity if more light were provided. 


Consider then three types of spacings of the 
1) that intended to be uni- 


Union color range: 
form for oils of the Union color range viewed in 
he standard bottles (1 5/16-inch inside diameter) 
iwainst the sky (as on a shelf in front of a window), 
2) that intended to be uniform for the Union 
olorimeter specified in D 155-45T, and (3) that 
ntended to be uniform for fields maintained at 
more than 1 foot-Lambert over the whole range. 
In all of these scales, set the end points to corre- 
spond to a clear glass with standard source C 

0.439, 9 0.465,6 
ed glass whose chromaticity is represented by the 
point (r=0.956, g=0.044, b6=0.000) at 8.0, as in 
Mr. Hancock’s suggestion of November 24, 1948 
The chromaticity locus to be covered 


0.086) as zero and to a dark- 


see table 2) 
s that corresponding to the average curve drawn on 
figure 1 of the present report for the 49 representa- 
tive samples of petroleum products, and the varia- 
tion of daylight transmittance with chromaticity is 
based upon the values in tables 3 of the present 
eport, supplemented for the darker parts of the 
scale by data given by Diller, De Gray, and Wilson 
see footnote 6). 


lhe spacing (1), intended to appear uniform if 
the oils are viewed in bottles against the sky, may 
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883124-— -50 y 


be derived with good reliability from the formula 
for color difference, AE, published by Judd © in 
1939 and subjected to numerous checks since that 
time: 


7 1/2 


AE=600| T'?3S +0.025 7 |, (1) 


where AS —Ar 4 Ag Ab, 
maticity coordinates on the UCS triangle (see foot- 


r,g, 6, being chro- 


note 5), and 7’ being luminous transmittance for 
The factor used to weight 
the lightness difference relative to the chromatic 
difference has been taken at 0.02 rather than the 
published value of 0.04, because the color produced 


standard source C 


by the oils in bottles side by side are not juxtaposed 
but are separated by areas of contrasting color 
Although 
this interferes slightly with the perception of 
interferes importantly 


(daylight passing between the bottles). 


chromatic differences, it 
with the perception of lightness differences. This 
spacing (1) is of value to the present discussion 
because, as will appear presently, spacing (2), 
which it is our purpose to derive, must necessarily 
lie between spacing (1) and spacing (3). 

Spacing (3), intended to appear uniform under 
the viewing conditions of the Union colorimeter 
except that the field luminance is to be maintained 
(such as by a higher wattage source and a system 
of condensing lenses) in excess of 1 foot-Lambert, 
can be computed from the analogous formula 


AE—600| T°SS +0.02207™) |” (3) 


It differs from the formula for spacing (1) by sub- 
stitution of the term 7°(=1), for the term, 7””, 
applying to AS. The factor, 0.02, applies to 
the Union colorimeter field because here too the 
color fields are separated by an area of contrasting 
color (much darker Because of the low value, 
0.02, of this constant factor, spacing (3) agrees 
essentially with spacing by uniform chromaticity 
alone much as was suggested by Mr. Hancock in 
his letter of November 24, 1948 (see table 2) 
Spacings of type (2) intended to yield steps of 
equal visual importance under the viewing condi- 
tions now specified by the Union colorimeter must 
space out the darker colors (Union Nos. 6, 7, and 
8) more than spacing (3) because not enough light 
is provided to distinguish these dark colors effi- 


D. B. Judd, Specification of color tolerances at the National Bureau of 
Standards, Am. J. Psychol. 8%, 418 (July 1939 
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ciently. The colorimeter field becomes much 
darker for some samples than the field to which 
the observer is adapted, in a way similar to viewing 
dark samples surrounded by the background (sky) 
supplying the illumination. Since the colorimeter 
screens the observer’s eye from direct light from 
the source by providing a dark surrounding field, 
however, spacing (1) based on unshielded viewing 
must give steps in the dark-color range too large 
to apply to the Union colorimeter. 

Exactly what spacing applies to the conditions 
of use of the colorimeter might depend importantly 
on whether room light is customarily excluded 
from the eyes of the observer, or whether he looks 
at the colorimeter field for two or three minutes 
to become adapted to it before making a reading 
on a dark sample, and on whether he moves the 
daylight-lamp assembly closer to the opal-glass 
diffusing plate for dark samples as is permitted 
by ASTM D 155-45T. Since there is probably 
no well-defined procedure in these respects, it 
must be admitted that any scale developed by 


: - ] l 
setting the exponent of 7 between ri and 16 would 


conform essentially to uniform spacing under the 
range of conditions permitted by ASTM D 155 
45T. 

Preliminary study " of the scales resulting from 
various choices of exponents within this range 
resulted in the tentative recommendation of the 


Dw 
exponent, g first, because it corresponds to the 
Cc 


best estimate of the conditions under which the 
ASTM Union colorimeter is used, and second, 
because it departs by nearly the least amount 
possible from the present Union colorimeter stand- 


" Letter, Judd to Hancock, December 23, 1948 


0.20 


ards. No considerations have arisen sinc: 
tentative recommendation was made that in 


any change. 


Accordingly, it is our present recon 
mendation that the respacing of the Union « 
scale be based upon the formula 


AE=—600| T'*48 +0.02a7™) |” 

Table 5 shows the specification of 16 points 
uniformly spaced by formula 2 between the en 
points r=0.439, g=0.465,b=0.096 (standard sour 
C) and r=0.956, g=0.044, b6=0.000, as in M 
Hancock’s suggestion of November 24, 1948 (x 
table 2). 
Union locus indicated by the curve draw: 
figure 1. 


This scale follows the relocation of th 


The chromaticity coordinates (z, y) lor a 
number of points on this curve were read fron 
figure 1, and these coordinates were transform: 

to chromaticity coordinates (r, g, 6) on the UCs 
system (see footnote 5) according to the transfor 
mation formulas 


2.7760r+ 2.1543y—0.1192 ) 
— 1.00002 + 6.3553y + 1.5405 


2.94462-+ 5.0323y+0.8283 j 4 
1.0000z+ 6.3553y + 1.5405 





b= 1.0000—1.0000r—1.0000g J 
These points were plotted in triangular coordinates 
to form figure 2, and the smooth curve joining 
them indicates this relocation of the Union color 
scale inthe UCS system. The points on this curve 
corresponding to uniform spacing by the abov 
formula were found by trial and error by one of us 
(LP), and table 5 gives the details of the check 
of this trial-and-error solution showing to what 
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Recommended spacing of the Union color scale (large circles) compared with the present Union scale 


Ficure 2. 


yO A 5.0 6,0 ZO 80 7 
ae ag" ge Wr etc ne a ee 


f /\ 





80 90 1.00 


circles) and with two suggestions for respacing by H. M. Hancock (dots and crosses). 


The UCS chromaticity diagram, formed by plotting at 60° the b-coordinate against the r-coordinate, is used 


to correspond, to a good approximation 
the recommended spacing are spaced out more than the lighter colors (1 to 4 


, to chromaticity scales that are perceptually uniform at constant luminance 


Uniform steps on this diagram are k 
Note that the darker colors (5t 

' 
Note also, the good agreement between the recommended scale derive 


formula and the two suggestions made by Hancock from practica] considerations alone 
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the spacing is uniform according to the 
, adopted (eq 2 It will be noted that the 
of uniformity indicated by this check can- 
not improved unless the chromaticity coordi- 
ites are given to four decimals instead of to three. 
commended relocation and respacing of the 








Union color scale is compared in figure 2 with the 
present scale and with Mr. Hancock’s two sug- 
gestions (see table 2). The open circles defining 
the chromaticities of the recommended standards 
have a radius of 0.006 so as to indicate the proposed 


tolerance 


Definition of the recommended scale (eq 2), comparison of its daylight transmittance with that of the Union scale, 


and check of its conformity to the defining equation 


Definition of scale (2 Check of the scale 


Chromaticity coordinates Day Union 
light scale, 
trans- To 
mit- on 
tance, 7 ar? 104 
0. 439 0. 465 0. 006 0. 922 0. 990 29 
462 47 Or 856 Os! 7.29 
489 4 ie 774 0. 751 9 10. 24 
2 $4 0 672 654 4 9. 61 
2 $42 006 4s 443 28 9.00 
2 iit 002 436 aH 901 8.41 
él SS 01 14 287 Sf 8. 41 
640 59 001 215 211 825 9. 61 
10 671 yt 001 152 096 790 10. 24 
‘ 703 206 00 109 065 758 10. 89 
736 24 000 O81 036 730 11. 5% 
770 230 000 058 700 12. 25 
a0 805 O5 000 040 O17 669 12. 96 
4! 59 000 026 634 12. 96 
877 123 000 016 O06E 596 14. 44 
O15 Oss 000 0081 548 16. 81 
a0 O65 0414 000 0025 0020 473 


lt will be noted from figure 2 that the chro- 
laticity spacing of the recommended scale de- 
reases regularly from the dark colors to the light, 
the total decrease in spacing being by about 50 
cent. This decrease in spacing arises prima- 
ily from the factor, 7"”, in the equation defining 
olor difference for the conditions of the ASTM 
The recommended tolerances 


DPT 


T 


Union colorimeter. 
if 0.006 correspond to about 0.1 step in the 


Revision of Union Color Scale 





2) against the defining equatior 


AE =600[T 4A4S8?+0.02 A(T *)?] 





NBS 

ag?x1* | ab?x10* AS?x104 TMAS?x104 0.024 (T4)?) units 
Al 

0.64 9. 61 15. 54 l 0.2 24 
4 8.41 15.74 l 4 24 

1. 21 1.4 15. 86 15.2 7 24 
4.84 0.8 15. 26 14.3 1.3 24 
6. 76 16 15, 92 14. 5 1.3 24 
7.84 0 16. 26 14.4 2.0 24 
8.41 00 16. 82 14.2 1.9 24 
9. 61 00 19, 22 15. 5 1] 2 
10. 24 00 20. 48 15.9 7 24 
10. 24 01 21.14 15.7 4 24 
11. & 00 23.13 16. 5 4 25 
12. 25 00 24. 50 16.8 3 25 
12. 96 00 25. 92 16.9 3 25 
12. 96 00 25. 92 15.9 3 24 
14.44 On 28. 88 16.4 3 24 
16. 81 00 33. 62 17.2 3 25 


respacing of the Union color scale. The reloca- 
tion of the scale is seen from figure 2 to amount in 
maximum also to 0.006 in r, g, or 6. 

Figure 2 also shows that the 
scale corresponds within the tolerance of +0.006 
either to Mr. Hancock’s Chicago suggestion or to 


recommended 


his suggestion of November 24, 1948 with the 
single exception of the No. 2 standard. Since 


practical considerations led Mr. Hancock to such 
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a close correspondence with our best determina- 
tion of a perfectly uniform scale, it is to be pre- 
sumed that this recommendation is worthy of 
adoption by industry 

There remains, of course, the important question 
of whether industry will become reconciled to any 
change in definition of the Union scale at all 
Perhaps it would avoid confusion if the recom- 
mended scale be given a new name and a different 
number of steps. If such a procedure is decided 
upon, formula (2) is recommended for use in 
development of specifications for standard glasses 
unless an important change in viewing conditions 


is also made. 


VI. Summary 


In response to a request from Subcommittee 
VI on Color, of ASTM Committee D-2 on Pe- 
troleum Products, a study of the colors of typical 
petroleum products supplied by members of the 
subcommittee has been carried out, and a reloca- 
tion and respacing of the Union color scale has 
been derived from these measurements and from 
an analysis of the viewing conditions of the 
ASTM Union colorimeter used in accordance 
with ASTM D = 155-45T. The recommended 
colors and tolerances for 17 glass color standards 


are given in table 6. 


TAaBLe 6. Recommended color 8 pet ifications and ti 


for 17 glass color standards comprising a relocat 


respacing of the ASTM Union color scale 


WasHINGTON, March 15, 
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Measurement of the Proton Moment in Absolute Units 


By Harold A. Thomas, Raymond L. Driscoll, and John A. Hipple 


the absolute value of the m 


agnetic field and the frequency required for 


nuclear resonance absorption in a water sample, the gyromagnetic ratio of the proton has 


heen determined to be Ys 


Planck’s constant, the value of the magnetic 


comes pu 1.4100 + 0.0002 10 


\ combination of our result with recent 
0.00005 10? emu gram 


rives a value of e/n 1.75890 


I. Introduction 


nee the development of molecular beam {[1],' 


>! 


ear induction [2], and nuclear resonance 


ption [3, 4] techniques, considerable work has 
done on the determination of nuclear gyro- 
From this ratio and the nuclear 
the magnetic moment of the nucleus can be 
lated 


measurement of a gryromagnetic ratio y¥ 


ives the measurement of the frequency, v, and 
enetic field of induction By required for 


nance as indicated by the condition for 


2 The comparison of either 


omagnetic ratios or magnetic moments re- 
es only frequency determinations, and for this 


on much of the data on magnetic moments 


available is of this type. A few direct 
irements of gyromagnetic ratios in absolute 
have been made with accuracies of the 
of 0.5 percent, which is about the best that 
be done with the ordinary techniques of 
ring magnetic fields. In the experiment 
ted here, the proton gyromagnetic ratio has 
determined with much greater accuracy by 
more elaborate methods of measuring the 
etic field and frequency. This precise 
irement will allow previous relative de- 
nations to be recalculated in absolute units, 
vill also provide a convenient standard of 


netic field for the measurement of other 


ec constants 


bracket 


2.67528 ~— 0.00006 


10* sec”! gauss Using this value with 


moment of the proton In absolute units be- 
dyne em/gauss 


measurements of the proton moment in Bohr 


The nuclear absorption method of Purcell 
[3, 4] was used for detecting resonance, because 
the field involved lends itself more readily to 
precise measurement than that used in the molec- 
ular beam method, and the apparatus appeared 
somewhat simpler to construct than that em- 
ployed by Bloch in the nuclear induction experi- 
ment. 

The use of a solenoid of known dimensions 
would provide the most accurately known mag- 
netic field, but this possibility was discarded, 
because the maximum field available would only 
be of the order of 20 gausses. The signal-to-noise 
ratio becomes very low in such a weak field, and 
at the time this experiment was planned no 
attempt had yet been made to work in this range.? 
An iron-cored electromagnet with a_ relatively 
strong field was used, which reduced the signal- 
to-noise problem but required auxiliary apparatus 
for measuring the field 

To measure the field, a Pellat electrodynamo- 
meter [6] could be used but would require a large 
gap and a correspondingly large magnet. The 
method finally chosen is one similar to that pre- 
viously described in the literature {7, 8, 9] for meas- 
uring magnetic fields. In this method one 
measures the force on a known length of wire 
carrying a known current in the magnetic field to 
be determined. A long rectangular coil is sus- 


pended vertically from an anelytical balance 
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The 


vertical sides of the coil act as the connecting 


with the lower end in the gap of the magnet. 


which are formed 
The 
fringing field at the upper end of the coil may be 
reduced to a negligible value by means of Helm- 
holtz Figure 1 is a photograph of the 
over-all experimental setup showing the magnet, 


leads to the “force conductors”’, 
by the lower horizontal portion of the coil. 


coils. 


coil, balance, current measuring apparatus, and 


Fiat RE l. Ge nerai view of magqnet, halance, and proton 


resonance equipment 


electronic equipment for regulating the magnet 
and detecting the resonance absorption. 

Since it is the average field over the region 
occupied by the force conductors that is measured 
by the force method, it is essential that the field 
distribution be precisely determined, and that the 
field in this region be reasonably uniform. Then, 
from the value of the average field and the field 
distribution, one can determine the value of the 
field at the proton sample, which may be located 
just below the coil. 

The value of the field was adjusted so that the 
resonance frequency would be 20 Me, which can 
be heterodyned directly with the Bureau’s radio 
station WWV for the frequency measurement. 


II. Magnet Design 


the method of field measurement em- 
ployed requires a homogeneous field of corsider- 
able extent, quite large pole faces are required. 
This limits the maximum field intensity available 
if the magnet is to be held to a reasonable size and 
For proton resonance at 20 Me, the maxi- 


Since 


cost. 
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mum field must be about 5,000 gausses. 

being suspended from a balance, is quite ser 

to air currents, and for this reason particular car 
was used in the design of the magnet to insure tha; 
all exposed surfaces of the windings and pole fa 
would be sufficiently close to room temperatu 
to minimize the effect of thermal air curren; 
These considerations led to a magnet design show 
in some detail in figure 2. 

Performance tests showed the magnet to operat 
satisfactorily up to 5,000 gausses; however, be. 
yond this point the leakage flux from the sides 
the poles to the yoke was great enough to produ 
partial saturation of the yoke. At 5,000 gausse 
the magnet requires 6.7 amp at 150 v, and tl 
temperature rise in the hottest point of the wind- 
ings is 30° C with a water flow of 1.6 liters 
minute. The time constant of the magnet is 27 
sec. 

While the yoke is operating near saturation 
the maximum value of field, the usable portion 
the pole faces is operating at only about 5,0) 
gausses, which is sufficiently low to insur 
stable field distribution. 


III. Nuclear Resonance Techniques 


For the detection of the proton resonance absorp- 
tion, a radio frequer.cy bridge similar to that us: 
by Purcell and his collaborators [4] was con- 
structed. This arrangement, however, had tw 
serious drawbacks for this application. It was 
quite sensitive to microphonics so that it coul 
not be easily used to probe the field for determi 
ing its distribution; and, since it shows the dis- 
persion as well as the absorption, there would | 
greater uncertainty involved in determining th 
exact center of resonance. 
method was finally rejected and a new amplitud 
bridge arrangement for detecting nuclear reso- 


For these reasons, this 


nance was developed [10]. As its name imp 
this bridge detects only amplitude changes in t! 
radio-frequeacy voltage across the absorp 
coil and does not respond to phase changes. 

a result, response to microphonic disturba: 
which are largely reactive, is reduced by sev: 
Similarly, the reactive 0 


dispersion component of the nuclear absorptio! 


orders of magnitude. 
signal is reduced to a negligible second-ord 


correction, and only the resistive or absorptio! 
component is detected. 
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C-C Section 


Figure 2. Magnet design details 


Figure 3 shows the essential details of an ampli- resonant impedance of Z,-C,. The field is modu- 
tude bridge for operating at 20 Mc. The proton lated locally a few tenths of a gauss by applying a 
sample is placed in Z,, which is tuned to resonance 20-c/s voliage to the small Helmholtz coils located 
by ©, and fed from a radio-frequency generator oneithersideofthesample. As the magnetic field 
through a resistance, #,, much higher than the passes through the value required for nuclear reso- 

nance, the nuclear absorption lowers the Q, caus- 
ing the voltage across L, to change. This change 
in the amplitude of the radio-frequency voltage is 
detected by a diode detector, D,, and the resulting 


. R | . . “- . 
ATING BUSHINGS >"! ‘ rae audio resonance signal can be amplified by a high- 


se, fe me gain audio amplifier and displayed on an oscillo- 

A ety scope. To eliminate noise and hum modulation 

BRASS TUBES/4 DIA | =35- present in the radio-frequency source, a capaci- 

tance voltage divider and diode rectifying in the 

reverse phase to D are used and the outputs com- 

bined in an audio bridge network. Audio modula- 

tion in the radio frequency is thus balanced out, 

but the nuclear absorption signal, detected by only 

one diode, appears at the output reduced by a 

factor of two. Sufficient cancellation of the noise 

modulation is usually obtained by merely adjusting 

C3. 

Amplitude bridge for detecting nuclear resonance. The signal-to-noise ratio obtainable with this 

00 ohms; Ra, Ra=50,000 ohms; C)=120 mmf; Cy=2 mmf mica; Cs circuit depends largely on the type of diodes used, 
ramic trimmer; Cy, Cs=500 mmf feed through condenser; L2:=1 milli ’ 


choke; D:, Di=1N34 crystal diodes. approaching the theoretical maximum for pure 
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Ficure 4. Proton d with an plitude 


bridge usir I 


resonance 


was 4,,00 ¢ 


tungsten filament diodes, and being much lower for 


diodes. The 


flicker noise of the oxide-coated diode is quite simi- 


oxide-coated cathode or crystal 
lar in magnitude and frequency distribution to the 
contact noise of the crystal diode, and at the low 
frequencies it predominates over shot and thermal 
noise In spite of the higher noise figure, the 
crystal diodes work quite satisfactorily for detecting 
the relatively strong proton signal at fields above 
a few thousand gausses and were used exclusively 
throughout this experiment because of the circuit 
simplicity gained by their use Figure 4 shows a 
ty pical proton resonance line using a water sample 
with the relaxation time [2] 7; adjusted with a 


dilute solution of ferric nitrate [4]. The line width 


shown in figure 4 is 0.3 gauss, and the field is 4,700 
gausses. During the experiment the line width 
was somewhat less than this. A comparison of the 
sample used with oil samples containing no ferric 
nitrate indicated that the change in susceptibility 
of the sample due to the ferric salt was not detect- 
able and could not have caused an error of more 


than 4 parts per million in the final result. 


IV. Magnet Regulator Employing Proton 
Resonance 


Stabilization of the magnetic field was ac- 


complished by using the signal from a resonance 


detector in a feedback circuit, as shown in figure 


5. If the field at the sample is modulated by an 
than the 


amount considerably less resonance 
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line width as shown, the output signal is 
tially sinusoidal, and its phase and amp 
depend upon the value of the steady fi 
indicated. After amplification in a narrow 
amplifier, the sinusoidal voltage from th 
onance detector is mixed in the phase dé 
with a signal from the oscillator supplyi 


rp 
The 0 


of the phase detector is the d-e voltage sho 


coils modulating the magnetic field. 
figure 5, which goes through zero as B 
through the value required for the center « 
resonance line. This d-c voltage is applied 
power amplifier that excites the auxiliary reg 
ing coils on the magnet. Hunting was elimi 
by adding a large RC time constant to the o 
of the phase detector The main exciting 
Beca ist 


the large time constant of the magnet (2.7 


were energized by storage batteries 


it is not necessary for the regulator to compens 
for rapid fluctuations of exciter current 
The resonance detector used is the sal 

shown in figure 3, and again water was used 
the sample. Both the resonance probe for 
plaving the resonance line on the oscilloscop: 
the one for the regulator were excited fron 
same 20-Me crystal oscillator. The 
from this crystal oscillator varied less than 


freq ] 
per million (ppm) after a 3-hr warm-up period 
shown in figure 6. This curve was check 
number of times by heterodyning with WW\ 
measuring the difference frequency 

Figure 7 shows the circuit details of the mag 
regulator. By observing the shift in the pro 
line from one probe, it was found that the 
lator reduced the effect of a 2 percent chan 
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exciting current to 0.02 gauss in 4,700 


2S, 


V. Field Distribution 


» shim the magnetic field and determine the 
distribution, one resonance probe was used 
culate the magnetic field, and another reso- 
e probe was mounted on a movable carriage 
hat it could be moved easily in the magnetic 
As the field 


; not vary with time, variations in the field as 


while watching the proton pip. 


function of position could be observed as a shift 
the position of the proton pip on the oscilloscope 








000 


A 
Uv 
ot 


Osc 


or 
> 


Ficuri 


200 A~/ sec 


screen. The oscilloscope sweep voltage was ob- 
tained from the sinusoidal voltage applied to the 
field sweep coils located on either side of the 
sample (see fig. 3). This voltage was also put 
through a peak-clipping and differentiating circuit, 
and the resulting pulses mixed with the resonance 
signal so that vertical marking lines would also 
appear on the scope. The shift of the resonance 
pip with change in field could then be observed 
relative to these markers with good precision. 

In order to measure the distribution, another 
pair of small Helmholtz coils were mounted on the 
movable probe on either side of the sample, as 
These 


Helmholtz coils were calibrated by changing the 


shown in the photograph of figure 8. 
radio frequency applied to the probe by a small 
known amount that would shift the resonance pip 
off the marker line 
back into the original position by sending a small 
current through the Helmholtz coils. Then from 
Aw=yAB (where y is known to better than 1% 

the Helmholtz coil constant was calculated. Ten 


The pip was then brought 


determinations of the coil constant by this method 
showed a maximum deviation of 3 percent. The 
method used to measure the frequency change 
introduced an error mainly due to the uncertainty 
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Figure 8 Movable resonance probe. 


in reading a calibrated audio oscillator that was 
estimated at 2 percent. The coil constant for this 
method of calibration was then taken as [0.055 
5%] gauss/ma. 

The gap was shimmed by using 2-mil nickel 
sheets fastened to a brass plate clamped to one 
of the pole faces. As thinner shims were not 
immediately 


available, the gap initially was 


shimmed on only one side. This gave rise to a 
slight gradient in the direction of the field, as may 


+4 


-4 





+4 





4B GAUSS 





-2 =| 0 | 2 
DISTANCE FROM CENTER ,cm 


FIGuRE 9. Field distribution. 


gap; B, +0 m off gap center; C, —0 


6/48; @, 3/4/49 


be seen by the field distribution curves sho 
figure 9. Complete field plots were mad 
three different dates as indicated: before, d 

and after the set of measurements were 
from which the gyromagnetic ratio was deter. 
mined. In addition, frequent spot checks wer 
made on the field distribution during the period 
when the absolute value of the field required 
The stabil. 
ity of the field distribution appeared very 


for resonance was being obtained. 
good 
and no variation greater than that indicated 
figure 9 was found. From the curves of figure 9 
the average field over the region occupied by 
bottom conductors of the force coil was foun 
relative to the value where the nuclear samp! 
was located during the absolute measurement of 
the field. The average field B was found to | 
lower than the field at the sample By by 0.04 gauss 
As the reproducibility of adjusting to the center 
of the resonance line is a little less than 0.02 gauss 
the uncertainty in the calibration of the Heln 
Hence 


this field correction may be taken as (0.04 +0.02 


holtz coils is negligible in comparison. 


gauss. 

The deviation of the magnetic field from hori- 
zoatal direction could contribute some error, but 
this was found to be less than 1 ppm. It was 
experimentally determined that a lack of perfect 
alinement of the plane of the rectangular coil ir 
the gap, that is, a slight rotation about its point 
of support, would also have a negligible effect 


VI. Theory of the Magnetic Balance 


The general method employed in the measure- 
ment of the magnetic field has already been 
scribed briefly. A period of about 30 min 
required to make a determination. The 
accuracy of the method cannot be realized wi 
the field is held constant during this period 
has been shown elsewhere in this paper how 
effect of nuclear resonance absorption itself 
been used to satisfy this condition to a high dé 
of perfection. 

In principle, the method is based on the 
that an element of conductor of length dl cm ca 
ing current 7 egs emu perpendicular to a mag! 
field of induction B gauss experiences a fore« 
dynes directed at right angles both to itself ar 
the field that is given by the following relatio 


dF=iBdl, 
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1e force is measured in the vertical or y direc- 
the component of dil in the horizontal or z 
tion, dx, produces a force at the knife-edge 
1e balance. In order to arrive at the total 
produced on a complete coil, it is necessary 
tegrate eq 1 over all its elements, as indicated 


iB(a, y)dz. 
Coil 
current, 7, being everywhere the same in the 
iit, the integration can be carried out numeri- 
from the results of measurements on the 





th of the coil at various vertical or y positions, 
ther with a measure of the field B(z, y 

ese Vertical positions. 

We may define the effective width of this coil 

hen used as described with this particular mag- 
by the relationship 


B(z, y)dz. 


J ated 


value of X thus defined would be consider- . : . 
Figure 10. Completed coil suspended in the magnet gap. 


iDLy affected by the stray field at the top wires 
of the coil; however, this field has been neutralized 

vy the large Helmholtz coils described previously. 7 
The observed force F (dynes) in terms of B, X, 
ind J (amperes) in a coil of n turns is 





niX = 
10 B- 


rom this the value of the average field is 


10F 


B he 





VII. Construction of the Coil 


\ photograph of the completed coil is shown in 
figure 10. The nominal dimensions of the plate 
glass form are shown in figure 11. The coil has /7—RADIUS 10cm 

turns of wire that lie in grooves formed around ¥, 


the edge of the plate. The wires pass around the 














fs 


he glass and cross over to the next groove at th 





sides and bottom of the plate parallel to the edge ——— 
| 
a 


The horizontal stripes shown are silk ties 
bi . — F reve ~~. , re 

vind the wires und prevent ac cide ntal lateral ounene eaten ercemn eee 
lacement. The method of forming the grooves 











the edges of the glass was similar to that de- 
vised by Moon [11]. The manner of supporting SECTION A-A 


the form during lapping is shown in figure 12. Figure 11. Cor 
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~~ 
es 
t PLATE 
LAPPING SEGMENTS 
r 7 LATHE BEC 
Fiagure 12 Vethod of lapping grooves « m edge of glass plate. 


The steel bar to which the plate is secured was 


annealed and ground parallel on the opposite 
faces 
of the bar were used to restrain the motion of the 


The depth of 


was controlled by adjusting the height 


In addition to holding the glass, the edges 
lapping tool to a straight line 
lapping 
of the lap relative to the edge of the bar. The 
assembly was rotated for alternate lapping on the 
two sides of the form. This procedure assured the 
same form of grooves on both sides. Grooves 
were worked around the corners and bottom by 
hand, using the flat side of the steel bar to keep 
the grooves in alinement. On completion, the 
over-all width of the coil form was practically as 
uniform as that of the bar 

[It was convenient to place the wire on the form 
while the latter was securely fastened to the steel 
bar. Copper wire of the oxygen-free variety was 
drawn down through a number of dies from 1 mm 
to about 0.56 mm. The last drawing was carried 
out in a hallway in one straight piece and was 
wound directly onto the form without coming into 
A steady 
tension of 5 lb was held on the wire during wind- 


contact with anything but the glass 


ing. Current leads are brought out centrally at 
the top of the coil, and potential leads are fastened 
at the extreme ends of the w inding near the edges 
of the plate. 

VII. Measurement of the Coil 

Two measurements are necessary to get the 
distance between the central filaments of the wires: 
the over-all width of the coil and the mean diam- 
eter of the wire. 

The coil was arranged for measurement in a 
temperature controlled cabinet, as shown in figure 
13. In this setup the width of each turn could 
be measured at various vertical positions. Meas- 


urements were made relative to Johannson gage 
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blocks by means of a motor-driven micron 
Moon 12). This 


provided with gear to bring it into positio: 


devised by micrometer 
each reading without having to enter the cab 
Provisions were made for all essential adjustn 
of micrometer, coil, and end standard from 
outside Readings of the micrometer were 
mated to 0.1 « and would repeat to about 0 
The temperature of the end standard was a 
tained from readings taken on an attached 
mocouple, and that of the coil was gathered { 
thermometers plastered to it in several 
Most of 


temperature of 25° C, but the coil was meas) 


pla 


the readings were taken at a nom 
in several places at 29° and 33° C, making 
possible to correct for the effect of temperat 
on the width 

The resistance of the winding was established 
a known temperature. This was of use later wl 
making corrections to the force on account 
the expansion of the coil. The resistance of 
coil was used as a measure of its temperatur 

Results of measurements on the coil are show 
The result shown for each vertica 


Meas 


in table 1, a. 
position is the mean of the nine wires 





Fiat RE 13 Te n pe rature-( ontrolled cabinet for coil mea 


Journal of Research 





arch 


TABLE 1. 


Coil measurements 


[Values given are the average of all 9 wires] 


(a) OVER-ALL WIDTH 


OF RECTANGULAR COIL aT 25° C 


ments in the range 0 to 7.6 cm were made with 
less accuracy than those above 7.6 cm. The 
field is so nearly uniform over this part of the coil 
that the error committed on this account is of no 


cal pposi- ea id se consequence. Between 7.6 cm and 15.6 em, 
mn, J» Wid on, ¥, Width , 
ive to relative to measurements were made with the greatest care. 
ym wires bottom wires . : P : ‘ 
Beginning at 7.0 em the silk ties were spaced 1.0 
n cm mm em on centers. Entries in table 1, a, correspond- 
SO. 5624 16.6 100. S781 7 s 
0 100 17.¢ 784 ing to more than one vertical distance between 
: — me 5788 consecutive ties (9.5, 9.6, and 9.9 em, for example), 
20 19.6 800 e a . < z : 
0 644 20. 799 give an idea of the bulging of the wire. 
abe = a. 5807 The method of measuring the diameter of the 
0 sw) 22. ¢ SI] . . . . 
é 8 23. 5812 wire was similar to that used on the over-all width 
‘ ‘ = a of the coil. The wire was hung vertically from 
5 j D5. é x : . : 
8.9 ; 26.6 saa a rotatable head and was loaded with a weight 
. a7. oon equal to the winding tension. Measurements 
’ y.'] 2s. ft SIS . 4 
9 ‘ "4 580) were made on the wire by comparison with a gage 
- + _ block of the same nominal size by means of a pre- 
0.¢ Lf Os . : nn . ’ 
) 699 2 5828 cision micrometer. The micrometer could be 
, eed raised relative to the wire for measurements in 
6 TT 4¢ WSN ae oo 
8 6 583 different positions along the sample. An attempt 
: pe — to obtain the diameter of the wire parallel to the 
29 ’ 8.6 549 plane of the coil from measurements on samples 
: a r= sees taken from the ends of the windings resuited in an 
2 SHU ? 
Ls 734 4. 87 uncertainty of +0.0004 em on account of lack of 
ns a7 — roundness in the wire. This uncertainty was re- 
16 49.8 SUG . 
4.8 28 1 moved later by measurements made on samples 
" = ; me cut from both sides of each turn of the winding 
ty I tH) seu q : 7 ? 
It was found possible to mark the orientation of 
b) DIAMETER OF WIRE each sample before it was cut from its respectiv e 
[Measured in direction of plane of c turn and to retain this marking during the diame- 
‘ , enacts ter measurement. Results of these measurements 
‘ ‘ } ito i ‘ 
eNo are shown in table 1, b. As it turned out, the 
7.6em | 9 fem 124 Averag mean diameter of the wire parallel to the plane of 
a . the coil obtained in this way differed from the 
wm nim mm mi mm min as 
0.5665 |. 56 680 10.5680 (0.5672 0.5675 (0.5673 mean of all diameters obtained from the end sam- 
you Ai “71 Vid Vit “M2 HT _ 
ples by only 0.5 u. 
W2 33 “34 O34 “Wh. ‘ i4 ’ - 
HR won ws. wx WiS2 Hcy wSZ . . . 
IX. The Distributed Field of the Electro- 
| 44 TS #49 4 O52 49 
32 | f om | 5622 | 5619 | . 5627 magnet 
cont tap ee ame ee ae ee The necessity of a knowledge of the normal com- 
‘ 4 ; 612 19 - : ; | 
. , ’ — tne ponent of the field over the region the coil occupies 
ww a) ”0 M2 Att) 600 MO i 
505 |. 56H 9 Ol | 5601 | 5600 | . 5509 has been pointed out. This is not needed with 
600 | 5602 | . Sei SOL | .5602 | . 5602 | . 5601 much accuracy except over the lower part of the 
H00 yw? Ml yaw uw) TT Lu wl ° % ° 
coil where the width changes rapidly. As previ- 
M2 wh Tr] Ml we? MI Mw P ‘ m 7 
(02 02 i 02 wi2 602 602 ously described, the pole faces of the electromagnet 
02 |. Si rt 1) M02 | 5604 | . 5602 were shimmed by trial with thin sheets of nickel 
om ; mod isesiaell havueede betas to give essential uniformity over the bottom wires. 
3 642 38 “2 544 Wi? 4 ry. . . 
630 mt bat - The region over the bottom wires and up to a 
ww ww? Tl wu)? was ww? wih 
= a — oss lesen ose lesen vertical distance of 7.0 em was explored with a 
second movable proton resonance head, the first 
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head being used to hold the field constant at a 
fixed point. Above 7.0 cm the field was not suffi- 
ciently uniform to get a recognizable resonance pip. 
The region above 7.0 cm was mapped with a device 
consisting of a small coil rotated by the shaft of a 
synchronous motor at 1,800 rpm. The emf gener- 
ated in the coil at the various vertical positions was 
commutated and measured on a potentiometer. 
Significant differences from the value at the bottom 
wires of the coil began at about 5.0 cm. The 
value of the field at the upper wires was about 3 
gausses; this was neutralized to +0.02 gauss by 
means of Helmholtz coils. Indication of neutral- 
ity was by a delicately suspended magnet in the 
neighborhood of the wires. The values of the 


field at various vertical positions relative to the 


TaBLe 2. Field B(z, y) as a function of vertical distance 


| Values given for B(z, y)/B, have been averaged over z at the given value of y) 


Vertical posi Vertical posi 
J Magnetic a oe Magnetic 


on, t . ion. 1 , : 
tive to _ R( — R po to bet. R feld 2 
tom wires mee tom wires ty , 
en 
0 1. 0000 17.6 0.19 
1.¢ 0. 99990 a ¢ l 
1.4 Hs 5 19. ¢ 1 
2.0 GUUS) w. ¢ 12 
ated 9905 21.6 10 
1.0 9991 22. 09 
4.0 GS 23.6 07 
6.9 we 24. ¢ 06 
7.6 or) 25. ¢ 06 
5.6 972 MF 0 
au i 
2i.t Oo 
’ oa 2s. ¢ 4 
v¢ 22 29 ¢ 0 
_¥ SOT “ ¢ 038 
10 S 7 03 
10. ¢ &2 2 ¢ 02 
10.9 74 é 02 
1 69 ‘ 02 
11.¢ 679 t 02 
11.8 te Hf ol 
12 “ 
8 Ol 
12.6 53. me Ol 
12.9 1v7 40. 1 01 
l 131 42.1 ol 
13. € 123 4.6 005 
13.8 403 ‘7.1 005 
4 ‘44 49.8 005 
14.¢ 837 52.8 004 
14.8 3z. “3 002 
15. ¢ 272 4.1 ool 
16. 6 22 
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value B, at some reference point within the mayne: 
gap are shown in table 2. 


X. Evaluation of the Factor X 


The factor X has been defined as the effectiy; 
width ot the coil. In terms of the reference 
B, used in table 2, eq 3 may be rewritten 
(B./B) S(|B(a, y)/B,\dx. The above integra! js 
evaluated numerically, as illustrated in table 3 
based on the data in tables 1 and 2. The refer- 
ence point was so chosen that within the experi- 
mental accuracy B,=B. From y=0 to y=7 en 
this could be determined with the resonance head 
for the points beyond 7 cm, the reference point was 
obtained by locating the rotating coil at the nor- 
mal position of the “force conductors” of the 
rectangular coil. It should be pointed out that 
the value of the field indicated in table 3 is th 
mean value taken over the interval Ay. As 
affects the final result, the uncertainty in the 
evaluation of X can be properly divided into thre: 
parts having the following outer limits of error 
width measurement 10 ppm, calibration of length 
standard 5 ppm, and field distribution 10 ppm 
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Ficure 14. Electrical connections of magnetic balar 
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TaBLeE 3. Evaluation of the geometrical-factor X 


given for B (z,y)/B, from table 2 have been averaged over the interval Ay. Width given is the over-all width minus the mean wire diamete r} 


Biz,y Biz,y) an 
B, B, 
em cm f 
&. 00000 +8. OOOO 1. 00000 +. UOOO0O 7.6 00160 +0. O0003 ) ) +1). OOOO! 
9. 96813 +1, 96813 0. 999905 +1. 96803 } 00162 +, 00002 17 +. 00000 
9. 99427 +0, 02614 QU9Ss +). 02614 ) OO176 +. OOO14 +, OOOO? 
10. 01547 +. 02120 YGYS 4 +. 02120 OO1L75 00001 4 Q0000 
10. OOS22 OO7T25 99965 00725 21.6 OO1S8S3 + OOOOS l +. OOOO] 
10. 00612 00210 W993 00210 6 OOLS7 +. 00004 ) +. QOO00 


10. 00256 0038.56 UOs7 00356 1.6 OOLSS +. OOOO! +. QO000 
10. 00189 00067 9972 00067 ) OO196 +. OOOOR +. QU000 
10. OO115 00074 00073 5. 6 OO191 00005 00000 
10. OO117 +. OOOO? ; +, 00002 2. 6 (0207 + ooore + OO00] 
10. OOOOS 00019 } OOO1LS 
00205 00002 § 00000 
OO104 ooo1l O0000 
10. 00095 O0003 { 00003 ¥.6 00206 +. OOO12 + GOOD] 
10. OO105 + OOOL0 ; +. OOOO9 4 ) 00213 00007 ; +. GO000 
10. 00090 OOO1S 91 ooo14d ; ) oo211 00002 4 00000 
10. 00073 00017 ; OOOLS 32.6 00204 00007 00000 
10. OOOR7 +. OOO14 00012 $3. 6 00205 +. OOOOL 2 +. 00000 
10. OOO75 00012 00010 3 ) 00204 00001 4 Q0000 
10. 00071 00004 7 00003 5. 6 00209 +. OOOOS 4 +. G0000 
10. 00084 + OOO13 v4 +. 00009 w.6 00210 +. OOOO] 2 +. GO000 
10. 00079 00005 ) 00003 
10. OOORT  ooooR +. OOODS $7 00219 4 Oooo +. OO000 
00225 +. 00006 ol +. OOO00 
OOS +. OOOLO Ol +, OOO00 
10. 00092 + OO005 5 +. 00003 00245 +. OOO10 Ol +. 00000 
10. 00090 00002 5 00001 ) 00251 +. 00006 OOS +. G0000 
10, OOO9R +. OOOOR ) +. 00004 7 00272 +. OOO21 005 +. OO000 
10. 00117 00019 3 +-. 00008 00275 +. QO008 005 +. 00000 
10, 00110 00007 00003 5 00287 +. OOO12 004 +. OO000 
10. 00129 +. OOO19 37 00007 56.3 0. 00282 00005 003 00000 
10. 00133 +. 00004 +. OOO01 4.1 00245 00037 OO 0000 
10. 00139 +. 00006 33 00002 


10. 00133 00006 oo002 


= z B(z,y) Ar=10.00108 


10. 00157 +. 00024 25 +. 00006 


XI. Electrical Measurements In this way it was easy to find the resistance of the 
coil to 0.0001 ohm, allowing its temperature to be 
estimated to 0.1 deg C. The resistance of the 
coil at a known temperature was measured by 
means of a Mueller bridge at the time it was 
mounted in the temperature-controlled cabinet 


The electrical circuit of the magnetic balance is 
shown in figure 14. The current was held con- 
‘tant to about 1 ppm by manual adjustment of 
the series resistance to keep the potential drop 
produced in the 10-ohm standard equal to the emf 


f —— . for the width measurement. This resistance was 
fa standard cell, as indicated by galvanometer G. 


pe ; 1.1006 ohms at 25° C. 
lhe standard resistor was submerged in a ther- 


mostated and stirred oil bath. The standard cell XII. Measurement of the Force 

vas Maintained at a constant temperature In an- 

ther thermostated bath. On disconnecting the The force produced on the current-carrying coil 
storage battery and standard cell and closing the was evaluated by comparison with the action of 
salvanometer circuit, no thermal emf was found gravity upon a known mass that was placed upon 
fany appreciable magnitude. The error in the the scalepan of the balance when the ‘current was 
value of the current on account of the standards reversed. In case the comparison was not exact, 





vas not more than 3 ppm. a small correction was made to the mass in terms 
The resistance of the coil while carrying current of the sensitivity of the balance, s, and the change 
yas ascertained by comparing the potential across in rest point of the balance, 6. Reversing the cur- 
‘with that across a standard resistance of 1 ohm rent in the coil has several advantages: it keeps 
arrying the same current as shown in figure 14. the heating of the coil constant, thereby helping 
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to maintain the dead weight of the coil constant; 
it corrects for any lateral shift in the current; it 
corrects for attractive effects of the coil or other 
parts attached to the movable parts of the balance; 
and it doubles the observed force. Remembering 
the reversal of current and denoting the mass of 
the removable weight by m, and the acceleration 
of gravity by g, a working formula for the field 
B is given by 


B 


m-+-s6 q - 


ni X{l+att 25)]’ 


where a is the coefficient of thermal expansion of 
the coil, and ¢ is its temperature. In practice the 
current J has some fixed value according to the 
standards selected, and the magnetic field has 
some value consistent with the radio frequency 
applied to the proton probe to produce resonance ; 
therefore, the mass, m, had to be adjusted by trial 
to a point where the correction, sé, was so small 
that the uncertainty in the sensitivity of the bal- 
ance did not cause more than a tolerable error in 
the force. This mass, which is in the form of a 
evlinder, was then turned over to the Mass Section 
of the Bureau for standardization. A correction 
was made for the weight of displaced air to get 
the effective weight of the cylinder. 

Turning points of the 2-kg Rueprecht balance 
were indicated by a spot of light reflected onto a 
glass scale from a mirror on the balance beam. 
The effective pointer length was 5.0 m. The 
1,500 g. The 
change in weight on reversing the current was 
The sensitivity of the system was 


dead load on the balance was 


about 9.0 g. 
such that 1 mm on the scale corresponded to 1 
60,000 of the force. The 
turning points were estimated to 1/10 mm. The 
averaging five 


part in change in 


rest point, as estimated from 
turning points on one side and four on the other, 
would ordinarily be accurate to less than 1/10 
mm; in this application there were fluctuations in 
the swings of the balance caused by varying air 
perhaps 


currents and building vibration, and 


slight variations in the average magnetic field 
that increase the uncertainty of a given rest point 
to several tenths of a millimeter. By taking the 
rest point about 10 times in a given run with the 
weight alternately off and on the scalepan, the 
fluctuations are averaged out giving the mean 
value of the difference in rest points, 6, accurate 


to about 5/10 mm 
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XIII. Gyromagnetic Ratio of the Proton 


The results of the measurements through 
January 7, 1949, are summarized in table 4 
Many spot checks were made during these runs 
which indicated that the field distribution was 
remaining remarkably constant. Subsequently 
when the field was shimmed symmetrically with 
thinner shim stock, measurable variations in th 
distribution with time were noted. Therefor 
in taking the data of table 5 with symmetrical 
shims, the field distribution was plotted im- 
mediately before and after the measurement of 
B with the balance. 


structed of platinum-iridium was used on th 


Likewise, a new mass con- 
balance for these readings. These results, obtained 
about 5 months later, are practically identical with 
the earlier ones. Considering all the runs, th 
average deviation is approximately 10 ppm. 

It will be noticed that the acceleration of gray 

The uncertainty [13] in 
The acceleration of gravity 


itv g appears in eq 5. 
this is taken as 5 ppm. 

also arises in the absolute determination of the 
ampere [14]. Thus the current may be written 


I kya, h 


where & is an experimental constant known to |! 
ppm, to which must be added an error of 3 ppn 
arising in the comparison of the current used i 
this experiment with the standards, and gq, is th 
value of the acceleration of gravity used in th 
measurement of the ampere. Substituting eq f 
into eq 5 


oa 5(m+86)q 7 
, nkq, NTI a(t 25)] ; 

Letting 
h=g9/M 8 


represent the ratio of the acceleration of gravity 
at the location of this experiment to that used 


the determination of the ampere, eq 4 becomes 


= 5(m-+-sd)hg} 


B=" EX[1+a(t—25)] 


The advantage in this approach is that the qua 
tity Ag; is known to approximately 2.5 ppm 
whereas the acceleration of gravity is known onl) 


to 5 ppm. 
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r 


d in this experiment was 980.08 cm/sec 


o of the proton 


rasie 4 Summary 
Act tion 1 balance ¢ 
Ge cal f the table 
Number of t 
Expar 
“ i 
remper 
) M ture 
need 
r ’ 
lec, 22. 1948 ® 1 49 2 Of 7 
2 1048 mM ( 19 2 22 " 
23, 1948 2t Vv 2. 34 ” 
) 20. 1048 y. ! uv 2 
0, 1948 2 10 2 oO 
1048 « 4 8777 ) O4 
J 4 24 5Y s 
1949 « 9 ) i] rl 
1 lie 
p t< 
Taste 5. Summa 
I he } } 
A] l 
S ‘ 
I 1 “ 
( 
iz 
( 
M i 26.9 
M t Pa s 
AY | H 2.4 a 
NM eu 2 s 
m) (x ” 


he value of the acceleration of gravity 4g; 


2 which 


obtained along with / from a gravity survey 


le at this Bureau in 1948 by the Geological 
vey. This is slightly different from the value 


n by Curtis [15]. 


he known coptributing errors listed in the 


ilation below were estimated conservatively. 
square root of the sum of their squares results 
nh uncertainty of 22 ppm in the gyromagnetic 
The result can be stated as 


2 67523 + 0.00006 104 sec™! gauss™! uncor- 


ed for the diamagnetic effect of the orbital 


ron. The stated error is thought to be several 


of results first s¢ es 


1000108 ( 
i) 
) 10 j ( 
1.59 ‘ 
r 
. ( } ? , 
Ma I o—B I 
‘ es 
l 259 WU s 0. 04 $107.62 " 
2 20 4 ) ( 
12 259 1" 4 7] “ 
22 Zo 4 
259 04 61 
) $ 1 " " ” 
4 ) 8 ; 9 " 
i , 4; i 51 
Me tt ' 
11 x »” 
I 
esulls ond s8¢ 
i ‘ i ‘ 
8777.29 
} 
74 
v 
he ; rr ; , 
5 { 1" 4 } s 
is { ” 
Ty 
8 2 $ ‘ ‘ 
| ‘ 
0 B 1 


times the corresponding probable error If the 
diamagnetic correction [16], which was not included 
iS applied to the 
0.00006 ) 


in the preliminary result [17], 
above value one obtains y,= (2.67528 
10+ sec 


The magnetic moment of the proton is known 


fauss 


less accurately than the gyromagnetic ratio because 
of the uncertainty in the value of Planck’s con- 


stant h. Using a value [18] of 


h 6.6234+ 0.0011) X 10>" erg see, 


the magnetic moment of the proton is 
0.0002) * 10 


My 1.41004 dyne cm/gauss. 
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Parts 
Contributing error per 
million 


Platinum-iridium mass m 1 


Precision of balance used in this experiment 


s 3.. 9 
Gravity hg, '? 3 
Experimental constant in measurement of 

the ampere in absolute units 4 10 
Comparison of current with standards 3 
Width of coil 10 
Length standard 5 
Field distribution 10 
Neutralization of stray field at upper wires 5 
Adjustment of resonance pip to reference 

point on oscilloscope t 
Calibration of Helmholtz coils used for field 

distribution 1 
Resonance frequency-_- l 


Effect of ferric ions ir sample } 


XIV. Comparison With Other Measure- 


ments 


Gardner and Purcell [19] have just completed a 
measurement of the ratio of the precession fre- 
> 


quency of the proton, w= y,Bo, 
frequency, w,=eB,/m, 


to the cyclotron 
the 
After making the diamag- 
netic correction, they give for the ratio w/w, 

(1.52100 + 0.00002) x 10 
netic moment of the proton in Bohr magnetons 
and agrees very well with the value 4, =(1.52106+ 
0.00007) x 10~* Bohr magneton obtained by Taub 
and Kusch [20]. 


of a free electron in 


same magnetic field. 


This ratio is the mag- 


These values of 4, may be com- 
bined with the value of the gyromagnetic ratio of 
In this calcula- 
tion it is preferable to use the value of Gardner 


the proton to give a value of e/m. 


and Purcell because of its greater accuracy and 

the electron 
This value 

(1.75890 + 0.00005 


because moment correction is not 


involved. of e/m becomes e/m 
Yp-We/w 10** emu gram~',. 
This differs only slightly from the previously pub- 
lished value [21], which was obtained by combining 
our preliminary value of y, and the measurement 
of Taub and Kusch. Figure 15 shows the new 
value of e/m as compared with other experimental 
and recommended values summarized by DuMond 
and Cohen [18]. 

The value of the gyromagnetic ratio of the pro- 
ton, and hence the above value of e/m, has re- 


cently received further confirmation since it has 
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Fiaure 15. 


been used in determining the Faraday [22 
which excellent agreement with the iodine volta- 


> s . 
Values for e/m 
Cohen compared with the 
paper 


meter was obtained. 


The contributions of other staff members 


as summarized by Du Mond 


measurements re porte d in 
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Measurement of Sixty-Degree Specular Gloss 
By Harry K. Hammond, III, and Isadore Nimeroff 


used the evaluation 


for 


specular gloss of paint finishes based on research done 


Specular gloss is the attribute next to color that is most often in 


of the appearance of objects For 10 years the American Society resting Materials 


has used thod of test for the 60 
this Bureau 


to be used 


a& Ine 
at The ASTM method prescribes the illuminator and receiver apertures that 
are However, in order to determine the uncertainties involved in the calibra- 
standards, the rate of change of gloss reading with change of 
This 


effect a versatile glossmeter 


tion of gloss aperture was 


investigated throughout the gloss scale was done by modifying an existing gonio- 


photometer so that it became in with provision for accurately 


ntrolling all of the known geometrical variables involved Data obtained on the varia- 


co 


tion of gloss reading with aperture show that standards with widely different distributions 
of reflected light can be used to check the adjustment of glossmeters and the conformanes 


of their apertures to ASTM specifications in the increasingly important medium- to high 


gloss range 


tion and departure of the specimen from a perfe 


I. Introduction 


lhe appearance of an object depends upon 


veral factors; the illuminant, the reflection char- 
teristics of the material, the surface texture, the 
the 


The color and clossiness of a specimen 


minating and viewing geometry, and 
bserver. 
e determined by the spectral composition and 
geometrical distribution of the incident light and 
pon the transformations that take place upon 
eflection from the specimen. These two appear- 


e attributes, color and gloss, are somewhat 
elated. Color 


tion for 


measurement may require cor- 


surface Specular gloss 


clossiness. 


asurement may require correction for diffuse 
flectance. 

‘he complete description of the light-reflecting 
roperties of a specimen would require an infinite 
unber of measurements of reflectance throughout 

i hemisphere for an infinite number of directions 
llumination. Even an approach to such a 
of data is uneconomical to obtain with present 
iophotometric equipment. Usually one must 
be content to obtain one goniophotometric reflec- 
curve for a single direction of illumination 
fig. 1). 


rpret a goniophotometric curve still remains, 


Furthermore, the question of how to 


n contrast to spectrophotometric curves there 
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rhe problem of obtaining the diffus 


e correction, which involves source polariza- 


ct diffusor, has been investigated 


ANGLE OF 
INCIDENCE 
6 


“ANGLE OF 
SPECULAR 
REFLECTION 

Q “ 


+ 


PERPENDICULAR 


OIFFUSE —, 


PAINT SPECIMEN 


I IGU RI l Typ cal goniophotometr ‘ 


spec 


curve fo a paint 


men, will defining terms. 
has not vel been developed a satisfactory method 
for reducing the former to a simple meaningful 
numeric or set of numerics as has been done for 
the latter. 
must generally be content to measure the specular 
for of 


investigations shown 


Because of these circumstances, one 


illumination. 
that the 
choice of direction as well as aperture for illumina- 


reflectance one direction 


Previous have 
tion and view is governed by the type of material 
Hunter and Judd [1]! found that 60° 
specular gloss correlated most satisfactorily with 


involved. 


t} 


rature reference it the end this 
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the surface appearance of paint finishes, and a 


method based on their investigations at this 
Bureau was tentatively adopted by ASTM in 
1939. In order to simplify the discussions in this 
paper the problems treated are confined to 60° 
specular gloss, but the considerations involved 
apply to other specular angles as well. 

Specular gloss could be measured without in- 
strumental complication if there existed (1) an 
unpolarized light 


source; (2) perfect collimators; and (3) an in- 


infinitesimal, high intensity, 
Then gloss- 
Practical 
sources, collimators, and receivers cause difficulty 


finitesimal but sensitive receiver. 


meters could be readily duplicated, 


because imperfections in their construction com- 
bine with differences in reflected-light-flux distri- 
butions to give inconsistent gloss readings for 
If it were practical to 
make glossmeters with identical geometrical fea- 
tures, there would be no difficulty in comparing 
measurements made on different instruments. <A 
more practical approach to the problem, however, 


various types of materials 


lies in further standardizing gloss measurement by 
specifying tolerances for glossmeter geometry. 
The original investigation, already referred to, 
on which the ASTM method is based, employed 
rectangular source and receiver apertures. This 
First, the type of 
lamp employed in the apparatus had a single, 
coiled filament producing a long narrow source, 
the cross section of which is rectangular; second, 
if the coiled lamp-filament were oriented with its 
axis perpendicular to the plane of measurement 


was done for two reasons. 


(see definition below) more light would be available 
because a larger aperture could be permitted in a 
plane perpendicular to the plane of measurement 
without appreciably affecting the gloss reading. 
Similarly, a proportionately larger receiver aper- 
ture in the plane perpendicular to the plane of 
measurement permits the receiver to gather light 
that would otherwise be lost because of change in 
direction on from brush marks on 
brushed paint panels, when these are oriented, as 
they should be, with the marks parallel to the 
plane of measurement. 


reflection 


In order to determine the permissible geometri- 
cal tolerances, a ‘‘versatile’’ glossmeter has been 
developed. This instrument 
making the following adjustments: 


has provision for 


1. The receiver aperture may be varied e 
parallel to or perpendicular to the plan 
measurement. 

2. The source aperture may be varied e 
parallel to or perpendicular to the plane of n 
urement. 

3. The position of the image of the source 
be varied with respect to the plane of the rec 
entrance window. 


4. The specular angle may be varied. 


} 


In addition to determining the permissible 
geometrical tolerances, there remains the problem 
of obtaining the diffuse correction. Measured 
values of diffuse correction do not agree exactly 
with those obtained by simple theory; however 
the small discrepancy is accounted for by (1 
The departure of the reflected light distribution 
of the specimen from that of the perfect diffusor; 
(2) The degree of polarization of the source; and 
(3) The reflectance of the surface. 


II. Terms, Symbols, and Definitions 


The purpose of glossimetry is to evaluate ob- 
jectively some variable that may be used as an 
index of appearance ascribable to gloss. The 
most conveniently used variable involves some 
function of the geometrical distributions of the 
reflected light. For this reason it is advisable to 
define common reflectance terms as well as the 
more specialized concepts associated primarily 
with gloss measurement. 


In addition to the definitions given below, there 
are two general concepts that should be discussed 
The adjective “luminous” should be used when 
ever it is important that the defined term includ 
weighting of the spectral energy distribution ac- 
cording to the luminosity function. A distinction 
must also be drawn between what may be called 
surface reflectance and body reflectance. Ke- 
flection of the latter type may be described as re- 
emission when the light penetrates the surface of 
the specimen and re-emerges at the incident fac 
with a geometric distribution similar to that of a 
self-luminous source. The definitions of specular 
reflectance and diffuse reflectance given below 
involve the concepts of surface reflectance an¢é 
body reflectance (re-emission), respectively. 
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most important terms, definitions, and 

ols used in this paper are given below. 
nance. Luminous flux incident per unit 

a of surface. 

nous intensity (of reflected luminous flux in 

y direction). The solid-angular flux density. 

nance. Luminous flux emitted per unit solid 
rle and per unit projected area. 
nous (total) reflection. A general term for 
process by which a part of the incident 
minous flux leaves a specimen from the inci- 
dent side. 

Specular angle, @’. The angle between the per- 
pendicular to a plane surface and the reflected 
ray. This angle is numerically equal to the 
angle of incidence, 6, and lies in the same plane 
on the opposite side of the perpendicular; it is 
often designated — @ (refer to fig. 1). 

Luminous specular reflection. The process by 
which incident luminous flux is reflected from a 
surface in an image-forming state. 

Luminous diffuse reflection. The process by which 
incident luminous flux is reemitted (in a non- 
image-forming state). 

Luminous specular reflectance. Ratio of luminous 
flux leaving a surface in an image-forming state 
to the incident luminous flux. 

Luminous diffuse reflectance. Ratio of luminous 
flux reemitted at the illuminated surface of a 
nonself-luminous specimen to the incident 
luminous flux. 

Luminous (total) reflectance. Ratio of luminous 
flux reflected by a specimen to the luminous 
flux incident on it. Diffuse reflectance plus 
specular reflectance equals total reflectance. 
It should be noted that the specular and diffuse 
reflectance components often cannot be sepa- 
rated for measurement. 

Luminous directional reflectance. Ratio of lumi- 
nous flux from the specimen when illuminated 
and viewed from specified directions to that 
from the perfectly reflecting, perfectly diffusing 
specimen, similarly illuminated and viewed. 

Luminous fractional reflectance of a specimen. 
Ratio of luminous flux reflected within a specified 
solid angle to the luminous flux incident on the 
specimen. 

Goniophotometer. An instrument used to obtain 
the geometric distribution of luminous flux. 


Measurement of 60° Specular Gloss 


Goniophotometric reflection curve. A plot of the 
geometric distribution of reflected luminous 
flux, for a specified distribution of incident flux, 
as a function of angle of view (see fig. 1). 

Gloss. The function of luminous directional re- 
flectance of a specimen responsible for its shiny 
or lustrous appearance. 

Specular gloss, G,. The ratio of the specularly 
reflected luminous flux, F,, from a specimen 
surface for a specified angle of incidence, 6, to the 
specularly reflected luminous flux, F,, from a 
standard surface for the same angle of incidence. 
Written symbolically: 


G,= (F,/F 0.0, 


where @’ is the specular angle. 

Specular glossmeter. An instrument for measur- 
ing specular gloss at a fixed specular angle. 

Geometric conditions of illumination and view. 
Include the specular angle and the apertures of 
the source and receiver. 

Source. A luminous body or area by which the 

specimen is illuminated. 

A photocell or an enclosure equipped 

with photocells responding to luminous flux 


Re ceiwer. 


from the specimen. The sensitive surface of the 
photocell or the opening to the enclosure is 
called the receiver entrance window. 
Plane of measurement. The plane passing through 
the axes of incidence and view. 
The plane angle 
subtended by the source or receiver entrance 


Aperture (of a source or receiver). 


window at the respective collimating lenses. 

With rectangular apertures the angles, a and 8, 

may be used to describe the angular size of the 

aperture in the plane and perpendicular to the 

plane of measurement, respectively. In com- 
puting an aperture it is convenient to find the 
tangent of the half angle of the aperture. For 
example: the source aperture, a, in the plane of 
measurement is equal to 2 tan~'(y/f), where y 
is the half dimension of the source in the plane 
of measurement, and f is the focal length of the 
collimating lens. 

Fresnel reflector (nonmetallic). Specularly reflects 
a fraction, G,, of luminous flux computed from 
the Fresnel equation [2], 


. Ef sin? a—r) 
G,=5 | 
é sin* (t--7T) 


tan? (i—r) 
. . 9) 
t tan? | (2) 
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where E is the illuminance, i is the angle of 
incidence, and r is the angle of refraction. 


A more convenient form of this equation is ob- 
tained by expressing the angle of refraction in 
terms of the angle of incidence and the index 
of refraction, n, of the material. This is: 


sin? 7, n® cos i— y¥n?—sin? 2) 
1 


sin?’ 2 n* cosi- \ n* 


GQ Ecos i yn 
Ts ‘ ° 5 ; —z , 
2 leos i ryn sin* 7) 


(3) 


Perfect Reflects light 
Lambert’s Cosine Law, which states that the 


diffusor. according to 
solid angular density of the luminous flux re- 
flected from the surface in any direction varies 
as the cosine of the angle between that direc- 
tion and the perpendicular to the surface. 

Glossiness. The lustrous appearance of a surface 
ascribable to its gloss. 

Lightness. That appearance attribute of a speci- 

men which correlates with its luminous diffuse 


reflectance. 
III. Glossmeters 


Instruments for the measurement of specular 
gloss have been used for more than 30 years. In 
1937, however, Hunter [3] described a photoelec- 
tric modification of the Mc Nicholas goniophotom- 
eter, which is the earliest known photoelectric 
specular glossmeter. Since then glossmeters of 
this type and similar photoelectric types have been 
manufactured commercially. 


1. Theoretical Glossmeter 


The theoretical glossmeter consists of a source, 
source and receiver collimators, and a receiver 
(see fig. 2). If we had to deal only with an in- 
finitesimal, unpolarized light source of high inten- 
sity, an infinitesimal receiver of high response, and 
perfect collimators, the problem of geometric tol- 
Such 


hypothetical glossmeter elements would have min- 


erance specification would be eliminated. 


imum aperatures and no lens aberrations and 
could be duplicated without causing error in the 
gloss readings. Measurement of specular gloss 
would then be completely reproducible from in- 
strument to instrument if the specular angles 


were accurately determined 


588 


PERPENDICULAR PERFECT 
RECEIVER 


COLLIMATO 


PERFECT 
SOURCE 
COLLIMATOR 


ANGLE OF] ANGLE OF 
INCIDENCE SPECULAR 
REFLECTANCE 





OPTICALLY FLAT SURFACE 
Figure 2. Theoretical glossmeter, employing point 


and point receiver. 


2. Practical Glossmeters 


Most glossmeters in commercial use today 
ploy an incandescent-filament lamp as a lig 
source, a source lens to collimate the incident be: 

a receiver lens to obtain at the receiver entrance 
window an image of the source reflected from a 
Fresnel reflector, and some type of photoelectri 


receiver [4], (see fig. 3). The source aperture is 


PRACTICAL 
SOURCE 
COLLIMATOR 
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RECEIVER 


COLLIMATOR 


\ ANGLE OF *|~ 
INCIDENCE 


ANGLE OF 
SPECULAR 
REFLECTAN 
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= 
~~ 





~ 


OPTICALLY FLAT SURFACE 


Ficure 3 Practical qlossmeter, ¢ mplo ying practi al st 


and prac tical receiver. 


determined by the dimensions of the source an 
The r 


ceiver aperture is determined in a similar manner 


the focal length of the collimating lens. 


using the dimensions of the receiver entrance 
Standard apertures may be specified 
but errors of duplication cannot be avoided. 
The collimating 
glossmeters are usually simple, uncorrected lenses 


window 


lenses used in commercia 
subject to such lens errors as astigmatism, spheti- 
cal and chromatic aberration, and coma. Cor 
rected lenses could be used, but the accuracy re 
quired in most gloss measurements can be obtaine: 
without this added expense. Because most com 
mercial glossmeters are compactly made, the dis 
tances between elements and the apertures ar 


This leads to errors in the set 
+} 


physically small. 
ting of the specular angle, measurement of 
source and receiver apertures, collimation of th 
incident beam, and positioning of the focussed im- 
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the source in the center of the receiver 


ce window when reflected from a flat 


surface. 
3. The Versatile Glossmeter 


order to investigate the precision to which 
any geometric variables of a glossmeter 
be specified, an existing goniophotometer 
is modified to make a versatile glossmeter (see 
This glossmeter has provision for ac- 
ely controlling (1) the source and receiver 
ires in both the a and 8 planes; (2) the angles 


mination and view; (3) the collimation; and 


he position of the source image relative to the 


of the receiver aperture. Each of these 
individually to any 


ASTM 


ibles can be changed 


ed degree of departure from the 

hications. 

Control of the source aperture is accomplished 
employing a pair of condensing lenses to focus 
mage of the source on an adjustable metallic 

serving as the new 


rture. This aperture, 


- of controllable sie, is located in the focal 
lane of an achromatic collimating lens, the focal 
ngth of which is accurately known. 

lhe specular angle is easily controlled since the 

ree and receiver are located on the hori. ontal 
rms of a goniophotometer of which the angular 
vale may be set to within +0.1°, and the speci- 
en of which the gloss is to be measured is placed 
rtically on the turntable of the goniophotometer. 
The receiver collimating lens also is an achro- 
itic lens for which the focal length is accurately 
nown. It is of such aperture and so positioned 
hat there is no vignetting of rays that should 
ach the 
ret isely located so that the image of the source 


receiver. The receiver aperture is 
s brought to focus at the plane of this aperture. 
‘ince there is no need to conserve space, this 
glossmeter was made large enough to allow for 
gh accuracy of measurement of the apertures 


nd the distances between elements. 


IV. Glossmeter Variables 


\ surface lacking the smoothness of polished 
ack glass will reflect some of the incident light 
rections adjacent to that of specular reflec- 
consequently, some of the reflected light 
fail to reach the instrument receiver, and a 


It should 


gloss reading may be obtained. 
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Fiet REI t VBS versatile glossmeter ariable 


employing 
source and receiver apertures, ar hromati collimators, and 


variable angles of illumination and vieu 


be pointed out that the specular reflectance, and 
consequently the gloss, of a nonmetallic specimen 
is a function of the index of refraction of the 

3) as well as 
Polished black 


glass of known index of refraction has been used 


material of the specimen (see eq 
of the smoothness of the surface. 


to calibrate the upper end of the gloss scale. 
For low-gloss finishes, such as are used for cam- 
ouflage by the Armed Services, the plane surface 
of a block of magnesium carbonate, which ap- 
proximates the perfect diffuser, has been used as a 
This 
leaves the question of what material to use for 
Horning and Morse [5] 


standard at the lower end of the scale. 


intermediate standards. 
implied that in the medium- to low-gloss range 
average paint reflected light- 
flux distributions more like glazed ceramic tiles 
than like black From this 
standpoint tile should be preferable for use as 


specimens have 


depolished glass. 
gloss standards in the paint industry. 
Recent 


Williams Co. revealed, however, that better agree- 


cooperative work with the Sherwin- 


ment in the measurement of high-gloss paints had 
been obtained on different glossmeters with the 
use of depolished black glass standards than with 
ceramic tile standards. In fact ceramic tile 
standards produced much larger instrument dis- 
crepancies for the same specimens. In order to 
analyze this situation, goniophotometric curves of 
fractional reflectance in the region of specular 
reflection were obtained for the paint specimen, a 
tile standard, and a sand-blasted depolished black 
glass standard having about the same 60° specular 
gloss (80 on the ASTM scale 
For these measurements the 


These curves are 
shown in figure 5. 
goniophotometer source aperture was made 0.3 


circular, and the receiver aperture was made 0.6 
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circular. A polished black glass standard was 
used, and the results are plotted on a fractional 
reflectance scale times 1,000, thus giving a value 
of 1,000 to the perfectly reflecting plane surface. 
From these curves it is seen that the light-flux 
distribution of the sand-blasted black glass stand- 
ard is very similar to that of this particular high- 


gloss paint specimen, whereas the distribution of 


the tile standard is quite different. If a glossmeter 
having accurate ASTM apertures is used to deter- 
mine the gloss of this paint specimen, the reading 
will be the same no matter which standard is used. 
On the other hand, if the receiver aperture were 
too large, very nearly the true gloss will be obtained 
with the glass standard, but a much lower reading 
will be obtained for this specimen if the tile 
standard is used for calibrating the instrument. 
The conclusion might be drawn at this point that 
instrumental aperture variation might be mini- 
mized by using the glass standard, and this would 
be true if all high-gloss specimens had flux distri- 
butions like the one illustrated here. However, 
as implied by Horning and Morse, many specimens 
are encountered with reflected light-flux distri- 
butions more like that of the tile standard, in 
which case nearly correct gloss readings would be 
obtained with this standard even though the 
receiver aperture were too large, whereas calibra- 
tion with the glass standard would cause the 
to give a reading higher than the 
Thus it is seen that if the reflected 


instrument 
correct value. 
light-flux distributions of specimen and standard 
are nearly identical, the size of the apertures is 
not critical. 

However, it is not practical to determine the 
distribution of each type of specimen, and it is 
even less practical to attempt to duplicate these 
distributions even approximately with durable 
materials that might be used as standards. The 
more practical approach to the problem is to make 
the glossmeter apertures as accurate as possible so 
that the instrument will give correct gloss readings 
no matter what the reflected light distribution of 
the specimen. Although glossmeter manufactur- 
ers may claim that the apertures are exactly cor- 
rect, it would be desirable for the instrument oper- 
ator to have a simple method to check their ac- 
curacy. This may be done by taking advantage 
of the facts pointed out above, namely that a 


glossmeter will read correctly two standards hav- 
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Luminous fractional reflectance curves 


gloss materials. 


Figure 5 


Angle of illumination and view, 60°, source aperture 
ceiver aperture 0.6 


ing radically different distributions of reflect: 
light-flux only when apertures are correct. 

In the usual method of glossmeter operation 
polished glass surface is employed to make th 
initial calibration. The reading subsequently ob 
tained for a tile standard should be the true valu 
if the apertures are correct, too large if the receiv: 
aperture is too large or too small if the apertur: 
too small, other adjustments being correct 
may be noted that the reproducible plane surfa 
of different refractive index employed by Moor 
and Hunter [6] to avoid inaccuracies resulting fro! 
abrasions of a black glass standard do not ser 
to disclose errors arising from nonstandard 
tures. In contrast to reflectance measuren 
where the apertures of the illuminating and vi 
ing beams are relatively unimportant, the 
tures employed in gloss measurement mus 
Carefully specified and held with close tolera: 
accurate glossimetry is to be accomplished 
should be stated here that in contrast to pre\ 
practice, it has been found not sufficient to sp 
the combined spreads of source and receiver 


ture but each must be specified separately be 
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tio of source aperture to receiver aperture 
; significantly the measured gloss value. 


1. Receiver Aperture 


illustrate the magnitude of the effect of 
ion of the rectangular receiver aperture in 
ane in which the specular angle is measured, 
ated a, and in the plane in the polar direc- 
perpendicular to a, designated 8, two series 
asurement were made on plaques of different 
This was done for both depolished (sand- 
d) black glass, and for glazed ceramic tiles. 
results of these measurements are illustrated 
ically in figures 6 and 7. These figures show 
ffect of variation in receiver aperture in the 

» and 8 planes, respectively, on the measured 
gloss values of tile and depolished black glass 
standards. It will be 
alues for the tiles are a pronounced function of 
ee 


noted that the measured 
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6 Glossmeter readings obtained by varying the 


mension of the receiver aperture in the a plane. 


polished black specimens are designated G, followed by the nominal 
the glazed ceramic t s are designated T', followed by 


1] gloss value. 
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the receiver aperture. On the other hand, the 
measured values for the depolished black glass 
standards remain reasonably constant over the 
wide range of apertures employed. This is ascrib- 
able to the fact that 
narrow-angle scattering near the specular angle, 


high-gloss tile produces 


whereas depolished black glass produces wide- 


angle scattering 
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Figure 7 Glossmeter readings obtained by varying the 


dimension of the receiver aperture in the B plane 


Che depolished black glass specimens are designated (@, followed by the 
nominal gloss value, the glazed ceramic tile specimens are designated T,, followed 


by the nominal gloss value 
2. Source Aperture 


effect of 
variation on glossmeter readings and thus be able 


To determine the source aperture 
to determine permissible tolerances, data were 
obtained on the variation of measured gloss with 
source aperture with the receiver aperture held 
constant at the value prescribed in the ASTM 
method mentioned earlier. It was found that the 
variation of source aperture in the a plane affected 
the measured gloss of the plaques as shown in 
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figure 8; 


as pronounced measured gloss differences as for 


variation in this plane did not produce 
the receiver aperture variation. Variation in the 
8 plane had a negligible effect on the measured 


gloss values, so the data are not shown here 
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Ficure 8. Glossmeter readings obtained by varying the 


dimension of the source aperture in the a plane 


I'he depolished black glass specimens are designated (, 
nominal gloss value; 
followed by the nominal gloss value 


followed by tht 


the glazed ceramic tile specimens are designated 


3. Position of Source Image 


Another question of practical importance is the 
effect of the position of the image of the source. <A 
properly adjusted glossmeter will form an image 
of the source centered in the receiver entrance 
window when a flat polished surface is placed in 
the specimen position. Commercial glossmeters 
using simple lenses are difficult to adjust because 
chromatic abberration of the lenses causes light of 
different wavelengths to focus at different posi- 
tions. If the red rays are brought to a sharp 
focus, the source image is surrounded by a blue 


haze. Conversely, if the blue rays are brought to 
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a sharp focus, the image will be surrounded by 
The effect of position of the sow 


receiv er entrar 


red haze. 


aperture with respect to the 


window was explored on the experimental gloss. 


meter by placing spectacle-type lenses of low pow 
between the specimen and receiver collin 
lens. This procedure was used because the ol 
mating lenses are not easily moved from th 
positions of optimum collimation. By using posi. 
tive or negative lenses the image of the source \ 

obtained before or behind the plane of the receiy 

entrance window. Figure 9 illustrates the eff 


produced on the measured gloss values 


values of the tile plaques, and that the effect « 
measured gloss values is not negligible for tile b 
The dat 


also show that there is no preferred direction « 


is practically so for depolished glass. 
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Figure 9. Glossmeter readings obtained by varyi 
position of the for used image of the source relative to 
of the receiver aperture. 


he depolished black glass specimens are designated G, followed 
nominal gloss value; the glazed ceramic tile specimens are desig 


followed by the nominal gloss value Focal length of receiver Jens i 
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It shows 


that the greatest effect is produced on the glas 


Mea: 





4. Specular Angle 


ssmeters are usually adjusted so that the 
of the source reflected from a plane reflector, 
as that of polished opaque glass, falls on the 
of the receiver entrance window. Suppose, 
ver, that in making this adjustment the angle 
idence is disturbed and that it is found to be 
What effect will this 


in the specular angle have on the gloss 


or 61° instead of 60 


lings? It can be shown from the Fresnel equa - 
see definition of Fresnel reflector) that a 


in specular angle at 60° will cause a 


parture of ! 
hange of approximately 5 percent in the specu- 


reflected flux from a polished surface of re- 
tive index 1.53 In the usual method of oper- 
n, the instrument is set to read correctly the 
lue of the working standard, then the gloss of 


If the 


standard and specimen have nearly the same sur- 


test specimen is read relative to it. 


ie characteristics, no appreciable error will result. 
Figure 10 shows the effect on the measured gloss 
both tile and depolished glass standards with 
from the 60 
luminance was adjusted for each angle so that the 


leparture specular angle. The 


specular gloss of the 
It will be noted 


nstrument indicated the 60 
lished glass reference standard. 
from the figure that for the range of angles in- 
stigated the measured gloss of the depolished 
class plaques increases with increasing specular 
le, but the measured gloss of the tile plaques 


reases slightly. In making the adjustment for 
he standard, the illuminance for 59°, as an ex- 
imple, had to be increased. Then two factors are 


the increased illuminance and (2) 


perating, (1 
he decreased directional reflectance due to Fresnel 
reflection. The effect 


laques is explainable by the assumption that the 


on the depolished glass 


second factor acts more importantly than the first, 
since the surface is composed of many facets in the 
The effect on the tile 
plaques is explainable by the assumption that the 


gross plane of the plaque 


second factor is operating less importantly than 
first, since the higher index of refraction of this 
aterial causes a smaller relative increase in re- 
llectance with increasing specular angle. Since 
he instrument is caused to give the same reading 
the reference standard the depolished black 
plaques show slight increase in relative gloss, 


Measurement of 60° Specular Gloss 


whereas the tile plaques show slight decrease in 
relative gloss with increasing angle of incidence 
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Glossmeter readings obtained by 


Figure 10 


8 pet ilar angle. 


V. Diffuse Correction 
1. Simple Theory 


We come now to the problem of diffuse correc- 
tion. Figure 1 shows that the reflected light re- 
ceived by the glossmeter may be considered to be 
composed of two parts, the specular reflection or 
true gloss contributed by the surface of the speci- 
men and the diffuse reflection contributed by the 
body of the specimen. Thus we see that the light- 
scattering property of the body of the specimen, 
or in a sense its body color, affects the measured 
gloss. In the case of high-gloss specimens, the 
diffuse component is a small fraction of the instru- 
ment reading, and many laboratories working with 


high-gloss materials do not correct or allow for it. 
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In the case of low -gloss specimens, however, this 
correction should be made especially when com- 
paring specimens of different lightness. 


(a) Hemisphere Method 


Picture a perfectly reflecting, perfectly diffusing 
specimen which reflects no light specularly but 
which causes a “‘gloss’’ reading on the instrument 
because some of the diffusely reflected light reaches 
the receiver. What should be the magnitude of 
the correction to be substracted from the instru- 
ment reading to obtain the true closs of the speci- 
men? Lambert [7] showed that a perfectly diffus- 
ing specimen reflects light in such a manner that 
the luminous intensity in any direction is propor- 
tional to the cosine of the angle, ¥, between the 
perpendicular to the surface and the direction of 
reflection. He also showed that the perfect diffuser 
would appear equally bright in all directions, that 
is, that the luminance is constant. 

Let us assume that the luminous flux reemitted 
by a perfect diffusor having luminance, B, and 
area, dA falls normally on the surface of a hemi- 
sphere of radius, R (see fig. 11 First we wish to 
compute the total flux, F, falling upon the entire 
hemisphere. The flux, dF, in a direction making 
an angle ¥ with the perpendicular to the diffusor 
is evidently proportional to the projection of dA 
on a plane perpendicular to the direction y, or, 
dA cos y, and to the solid angle, dQ, subtended at 
the diffusor 
luminance, B 


The proportionality constant is the 
Thus 


dF=B cos WdAdQ. 4 
The solid angle, 
dQ—=2rR* sin ydy/R?=2r sin ydy, 


where dQ is now the hollow cone subtended at the 
specimen by the zone of width Rdy, whose semi- 


angle isW¥. Therefore, 


F=xBdA E "2 cos ¥ sinydy=sBdA. (5) 


Now consider the flux, f, which falls on the receiver 


at an angle 6’. 


From eq 4 above 


df B cos (dAdw. 
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The solid angle subtended by this receiver is 


PR? ap 
dw R? . af, 


where @ is the aperture angle in the p! 
(the plane in which the s; 
, and 8 is the apertur 


measurement 
angle 6’ is measured 
in the plane perpendicular to the plane of me 


ment. The angles @ and 8 are small a: 
measured in radians. Then 
f Bag cos OdA. t 


Thus, of the reemitted luminous flux, the fra 
F,, entering the receiver aperture is 


f aBcos 0’ 
F v 


For the ASTM receiver, 


a=4.4°, B=11.7°, and # =60 

Thus F, is computed to be 0.0025. This mea 
that the perfectly reflecting, perfectly diff Ising 
specimen although in reality having no spé 
gloss would cause the instrument to read 2.5 if 
perfect plane reflector were to read 1,000 


pT, COT a m 
_ > I} 


ee rr ey A he 





ll 
Ficure 11 Diffuse correction jor the perjectiy a 
surface treated by the hemisphe re method on the 
simple theory ; 
(b) Tangent Sphere Method Wi 
The magnitude of the diffuse correction may } in 


obtained very simply by considering the 
nance / at any point on a sphere of diam« VU 


tangent to the diffusor (see fig. 12). Le 
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SPECIMEN 


RE 12 Diffuse correction for the perfectly diffusing 
J i 


ace treated by the tangent sphere method on the basis 


m ple theory 


iminous intensity in any direction perpendicular 


Ijd@A=I, cos ydA. 


to the perfect diffusor of area dA be represented by 
ldA and the intensity in other directions by 
dA. Then, 


lhe illuminance, /£y, at any point on the sphere is 


he intensity in that direction multiplied by the 


ne of the angle of incidence and divided by the 
square of the distance, D*cos*y, from the perfect 


ffusor to that point on the sphere. Therefore, 


Il, cos pdA [dA 
v Dp cos” y D? 


Thus we see that the illuminance on the sphere is 


ndependent of the angle of view. Therefore the 
»), F., of the flux on a receiver to the total flux 


s simply the ratio of the area, a, of the receiver 


ected on the sphere to the area, A’, 
whole sphere. But a, located at an angle 6’ from 


of the 


perpendicular to the diffusor, is a8D*cosé’ 


A’isxr DP. Therefore, 


a aBD?* cos 0 aB cos & 
A’ np): T 


Measurement of 60° Specular Gloss 


(9) 


This is the same as eq 7 obtained by integration of 
luminous flux over the hemisphere surface. It 
should be noted that the diffuse correction is the 
ratio of the area of the tangent sphere intercepted 
by @ and 6 to the area of the whole sphere. It 
may be said, therefore, that the diffuse correction 
is numerically equal to the fraction of the tangent 
sphere intercepted by the solid angle formed by 
the instrument aperture. 


2. Expansion of Theory 


Practical surfaces, neither perfectly reflecting 
nor perfectly diffusing, will generally have smaller 
corrections than 2.5, but, except for black sur- 
faces, the correction is appreciable and must be 
made in the low-gloss range in order to grade cor- 
rectly low-gloss surfaces of different luminous re- 
flectance. To determine the diffuse correction one 
must take into account the following: (a) reflec- 
tance of the specimen, (b) departure of practical 
surfaces from perfect diffusors, and (c) polarization 


of the source. 
(a) Specimen Reflectance 


With a goniophotometer or other glossmeter in 
which the illuminator can be rotated about the 
specimen in the plane of measurement, this cor- 
rection is most easily evaluated by illuminating 
the specimen perpendicularly and viewing at an 
angle of 60°. When this is done the area illumi- 
nated is one-half of that previously illuminated, 
but the flux density is twice as great. If the sur- 
face is uniform, the diffuse correction is obtained 
directly except that a very small error is involved 
because the surface reflection is less for perpendic- 
ular than for 60° illumination. For a polished 
specimen having a refractive index of 1.53, the 
surface reflectance at 60° illumination is about 
9 percent and at 0° is about 4 percent. ‘This means 
that an additional 5 percent is added to the body 
illuminance, but since this flux is distributed over 
a hemisphere the increase in light entering the 
receiver is small. The fraction of the total light 
entering the receiver was previously computed to 
be 0.0025. Since the surface-reflected light Is 
now decreased by 5 percent, the body-reflected 
light is increased by the same fraction, so that the 
diffuse correction for 60°, —60° condition as meas- 
ured under 0°, —60° conditions is high by 5 percent 
of the magnitude. This means that for a speci- 
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men having a measured diffuse correction of 0.0021 
the true diffuse correction would be 0.0020 or, on 
the usual specular gloss scale, the discrepancy 
would be 0.1 gloss unit. This discrepancy in the 
diffuse correction is proportional to the gloss, and 
is zero for a perfectly diffusing surface. In prac- 
tice this discrepancy is so small that correction for 
it is unnecessary. If, on the other hand, 60° illu- 
mination and perpendicular viewing are used, the 
instrument reading will have to be halved to obtain 
the diffuse correction, because the projected are? 


for perpendicular view is twice that for 60° view. 


(b) Practical Diffusors 


On the master instrument, figure 4, at this 
Bureau it was found that magnesium oxide, which 
is often thought of as the practical approach to 
the perfectly reflecting, if not perfectly diffusing 
This 


value was obtained numerous times and though 


surface, has a diffuse correction of 2.1. 


not vastly different from 2.5 certainly gives a larger 
discrepancy than could be accounted for by eX- 
perimental error. Previous investigation of the 
diffusing properties of the surfaces of magnesium 
oxide by MeNicholas [8] and Preston [9] revealed 
that it is not a perfect diffusor. This was con- 
firmed by us for magnesium oxide; and similar 


data were obtained for two other materials. 
Figure 13 illustrates graphically the results of this 
investigation 


120 





Proctical Diffusing 
{ Surtoces 








PERCENT 


+ 


— \ — 


AY Pin 
_ ee Diffusing 


Surfaces 





o MgO 


DIRECTIONAL REFLECTANCE 


@ Vitrolite 


@ Porcelain Enamel! 





i i 


45 60 75 90 
ANGLE OF VIEW, DEGREES 








Ficure 13 


Departure of practical surfaces from the con- 


cept of the perfect diffusor 
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It will be recalled that the reflectance of 1 
nesium oxide prepared in a prescribed manne 
is assigned a value of 1.00 when illuminate: 
45° and viewed perpendicularly. For 0°, 60 
ditions the directional reflectance of these oxic 
specimens was found to be only 92.5 percent of 
the value assigned for 0°, 45° illuminating an 
viewing conditions. This accounts for nearly 
the discrepancy found between the computed 


the measured values for the diffuse correctio 
(c) Source Polarization 


It will be recalled that the Fresnel reflectan 
of a surface is a function of the degree of polariza- 
tion of the incident light as well as the angle of 
incidence and the index of refraction of the su 
face. The degree of polarization of the soure 
was measured by rotating a polaroid filter in th 
emitted beam and recording the maximum anc 
The difference of th 


readings was divided by the sum to obtain polar 


minimum transmittances. 


pla 


zation. The data obtained show that this sourc 


a . , Pa f d 
(a C-6 filament) is polarized 5 percent along th: am 


axis of the coil, or perpendicular to the plan ol ngun 
measurement. Filament polarizations of 15 to 20 
percent for straight filaments were reported by 
Worthing |11]. Because the 60 


the polarizing angle for glass, 


angle is almost 
approximately 

percent less incident flux is required to obtain th 
same reflected flux from a polished glass surfac 


Althoug! 


the polarization is destroyed by a low-gloss sur- 


than if the source were unpolarized. 


face, partial polarization of the incident light 
causes a greater fraction to be reflected from th: 
polished surface of the high-gloss standard. Con- 
sequently, the reduced incident light on the spe 
men reduces the computed value of the diffusi 
component by 5 percent of its magnitude. 
These three sources of error, (1) surface reflec- 
tance, (2) departure from perfect diffusor, and 
polarization of the source, taken together account 
for the discrepancy between the computed and 
the measured values of the diffuse correction 


VI. Gloss Scale and Standards 


Any assembly of apparatus such as a glossmeter 
requires calibrating and the adoption of a scale on 
which measurements will be based. The theo- 
retical specular gloss standard is the perfect mir 
that is assigned a value of 1,000. The practical 
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ry standard is a piece of polished black glass 


specular reflectance is computed from 
el’s equation when the index of refraction of 
lass is known. Black glass is used for this 
ise, because all of the light flux not specularly 
ted is absorbed by the body of the material 
he problems associated with diffuse correction 


iminated 
In order to provide means for checking the ad- 


rent of glossmeters and to assist in more 


rate measurement of 60° specular gloss, this 
1u has investigated the suitability of various 
rials for use as standards, and has recently 
ssembled sets of standards for issue Each set 
sts of two white Vitrolite gloss plaques having 
nal gloss values 1 and 90, and eight glazed 
mic plaques having nominal gloss values 10, 20, 
10, 50,60, 70, and 80. The plaques are approxi- 
tely 44 in. square. Figure 14 is a photograph 
f the plaques together with the box in which the 


Although the 


ies are not intended to be used as standards 


of ten standards is furnished. 
1a 
if distinctness-of-image gloss, the photograph in 
gure 15 has been taken to indicate approximately 
he gloss steps involved, since for these plaques 60° 
specular gloss steps agree in order with distinct- 


ess-of-image gloss steps estimates. 


VII. Summary and Recommendations 


\lthough photoelectric measurements of spec- 
ar gloss at a particular angle are convenient for 
he evaluation of surface appearance, such meas- 
ements do not completely evaluate the gloss 
haracteristics, much less the over-all appearance 

the surface. In general, the specular gloss of 
gh-gloss surfaces can best be differentiated by 


bservation at small angles from the perpendicular, 


Figure 15. Photographic 


Measurement of 60° Specular Gloss 


SS83124 0 ‘ 


represe ntation of specu 


Set of NBS gloss standards, with bor in which 


they are issued 


Figure 14 


whereas matte surfaces can best be differentiated 
at large angles from the perpendicular 

Problems inherent in practical glossmeters have 
been empirically treated here. After permissible 
discrepancies in gloss values have been decided 
upon, the tolerances for the geometric variables for 
60° specular gloss can be obtained from the curves 
in figures 5 to 9. If a deviation of 1 gloss unit is 
specified, then the tolerances can be readily ascer- 
tained. On the basis of the data obtained by the 
authors on the versatile glossmeter and a permis- 


jloss standards 


yp 





sible deviation of +1 gloss unit, the recommenda- 
tions shown in table 1 are made. 


TABLE 1 Recommended tolerances for practical 60° gloss- 


meters 
ymmended tolerance 


Receiver aperture 
In plane of measurement 
Perpendicular to plane of meas 

urement 
Source aperture in plane of meas 
urement 
Position of source image of the focal length of re 
eiver lens 
Specular angle from the specified spec 


r angk 


For uncorrected lenses, source image should be focussed for the circl 
least confusion 


In view of the fact that these discrepancies are 


cumulative, it is recommended that manufacturers 
and users of practical glossmeters be careful that 
the geometric variables be held well within the 
recommended tolerances; for if all the variables 
happen to contribute errors in the same direction 
though they are just within the recommended tol- 
erances, the reading may be in error by as much as 
5 gloss units. 

The authors express their appreciation to D. B. 
Judd for invaluable suggestions and advice during 
preparation of this paper and also to E. M. Haga- 
man for his ingenuity and assistance in the con- 
struction of the versatile glossmeter. 
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Rate of Shrinkage of Tendon Collagen: Further Effects 
of Tannage and Liquid Environment on the 
Activation Constants of Shrinkage 


By C. E. Weir and J. Carter 


Further studies of the rate of shrinkage of tendon collagen are reported 
tannages decreased heat and entropy of activation. 
of cross-linking by increasing heat of activation. 


alkali and alkaline earth metals and organic materials are studied 


Metallic 
Three organic tannages vield evidence 
Effects of aqueous solutions of salts of 


The results—decreased 


heat and entropy with increasing concentration of alkali salts and a similar behavior with 


organic solutes over a portion of the concentration range 


action of solutes at hydrogen bonds. 
entropy of activation 


studies is proposed 


I. Introduction 


This investigation represents a continuation of 
tudies of the effects of tannage and environment 
n the rate of shrinkage of tendon collagen and 
the heat, entropy, and free energy of activation 
that 
inkage of collagen could be treated as a rate 


the shrinkage process. It was shown 


rocess [1],' and that tanning or treatment with 

im chloride, sulfuric acid, and sodium hydrox- 

venerally decreases the heat and entropy of 
tivation. Chrome tanning, however, was shown 
cause a marked increase in all activation con- 
is. As a result of the foregoing studies, it 
that the 
media investigated interacted principally at 


s concluded various tannages and 


bonds, possibly causing rupture of these 
s. Chrome tanning was assumed to form 


linkages or to reinforce existing cross link- 


is report contains further data on the effect 
innage and shows that increased activation 
tants result from tannages such as quinone 
glyoxal, which might be expected to form 


The effect of 


s in brackets indicate the 


linkages. environment is 


ferences at the end of this 


Shrinkage of Collagen 


are interpreted as due to inter- 


Solutions of alkaline earth salts increase heat and 
\ mechanism of shrinkage designed to explain the results of these 


Applications of the experimental method are discussed 


studied in greater detail with aqueous solutions 
of organic solutes and additional inorganic salts 
being investigated. It is shown that, inasmuch as 
organic solutes also decrease the activation con- 
stants, this decrease may not be attributed spe- 
cifically to salt-bond interactions of the solute. 
The behavior of tendon collagen in aqueous solu- 
tions is indicative of an extremely complex sys- 
tem, and, in general, no interpretation of the data 
obtained with solutions is offered. 


II. Method of Measurement and Treatment 
of Results 


The experimental details of the measurements, 
as well as the method of analysis of the data, 
have been described previously {1] and will be 
treated only briefly here. 

Measurements of rate of shrinkage of kangaroo- 
tail tendon were made at approximately four differ- 
ent temperatures spaced 2 deg to 3 deg C apart,each 
temperature of measurement being maintained to 
within +0.1 deg C by means of a temperature- 
controlled water bath. The data consisting of 
length and time measurements were interpolated 
to obtain the time of half shrinkage designated as 
t;. and defined as the time at which the length of 
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tendon, 7, is one-half of the sum of the initial 
length, J), 


Experimental values of ¢ 


and the final length, Jo. 

, in seconds, and the 
reciprocal of the absolute temperature, 1/7, are 
introduced into the equation, 


0.693h AH .,1 AS 1) 


log 


kTt,. 2.303R°ST* 2.303R 


In eq 1, A is Planck’s constant; *, Boltzmann’s 
constant; A/T, the heat of activation; AS, the 
entropy of activation; and F#, the gas constant. 
This equation is a result of the theory of absolute 
reaction rates [2] and the utilization of f,, in place 
of the reaction-velocity constant. A discussion 
of this substitution has been given previously [1]. 
A plot of the left term as ordinate and 1/7 as 
abscissa yields a line having a slope proportional 
to AH and an intercept proportional to AS. Values 
of A/7 and AS are calculated from the data by the 
method of least squares and are used in conjunc- 
tion with the well-known relationship, 


AF=—AH—TAS, (2) 


to determine AF, the free energy of activation. 
Since AF varies with temperature, the tempera- 
ture for which the calculation was made is denoted 
by a subscript 

Since AF is directly related to the rate of shrink- 
age, the value of AF, may be taken as a measure 
of the temperature range in which shrinkage occurs 
at an experimentally measurable rate. It should 
be noted that a value of AF of the order of 25 keal 
corresponds to a shrinkage half-time of the order 
of 1 minute. For purposes of comparison, there 
are tabulated values of the shrinkage temperature, 
T,, obtained directly from the experimental data 
and defined as the temperature at which half- 
shrinkage occurs in 1 minute 

From the effect of treatment and environment 
on the heat of activation, A//, calculated from the 
theory of absolute reaction rates—or the energy 
of activation / in the Arrhenius expression [2], 
which is approximately the same numerically 
been drawn concerning the 


conclusions have 


structure of collagen, the mechanism of tanning, 
and the mechanism of shrinkage. Some conclu- 
sions have similarly been drawn from variations 
in values of AF y. 


clusions as to the effect of treatment, it has been 


In order to arrive at such con- 


necessary to assume that the size of the unit taking 
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part in the shrinkage process is unaffecte 
treatment. 

Three general types of results have been 0! 
tained in these experiments, namely: A/7 and As 
decrease while AF yo increases (inorganic tannaves 
AH, AS, and AF increase (deaminization 
postulated organic cross-linking tannages 
simple correlation exists between A//, AS, 
AF, (variation of environment with organic ay 
inorganic solutes and chemical modifications ey 
cluding deaminization). The data are diy 
into these three general categories, although fo 
purposes of comparison the separation is ny 
adhered to rigorously in some instances 

A more detailed exposition of the mechanism 
shrinkage as related to the activation process 
given in section LV. 


III. Results and Discussion 
1. Tannage With Inorganic Materials 


Tendons were tanned with several inorgan 
materials in addition to those prey iously describe: han 
[1]. Tannage was effected by immersing the ten B 
dons in solutions of the inorganic salts and adjust be 


ing the pH of the solutions with acid or alkali Bot 


the optimum value. After a 24-hour immersior 
tendons were removed, washed thoroughly, an 
stored in distilled water at pH6. The results of 
tests on these specimens are given in table | 

By comparison of the values of A//, AS, ai 
AF, for the tanned specimens with those fo 
untreated tendon, which were obtained previous! 
[1] and are included for reference, it is seen that 
AH and AS values are lowered whereas AF) values 
are, in general, increased on tannage. Considera 
tion of the standard deviations of the measur 
ments indicates that most changes are too small t 
be considered significant, except insofar as Af 
values of copper and mercury tannages are col 
cerned. Since AF is a measure of the “shrinkag 
temperature” [1], it is seen that most shrinkag 
temperatures were increased as a result of 1 
tannages 


It will be 


between the values of AF and the ash conte! 


noted that little correlation exists 


considered to be a measure of the amount 


combined material. Ash content of mer 


tannage was not obtained, but wet digestion 
precipitation with H,S showed qualitatively th 


a small amount of mercury was present 
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TABLE 1. 


tungstat 


lium molybdate [3 


algon [3 


Ammoniacal copper st 


Mercuric chloride 


far as can be ascertained, the effects of 
er and mercury are being reported for the 
time. Both materials appear to tan if eleva- 
of the shrinkage temperature is considered a 
erion of tannage Copper interacts with 
ollagen rapidly and readily in solutions containing 
th cuprammonia ion and undissolved cupric 


Mercury 


mercuric chloride having a pH close to the pre- 


hydroxide reacts from solutions of 


jitation point. Extensive studies of these re- 
ictions have not been made, but hide squares 
have been subjected to the treatments. Copper 
ippears to produce good “leathering,’’ but mer- 
iry treatment appears to resemble “tawing.” 
Both reactions appear to be somewhat reversible. 
There is no indication from the results of tan- 
nage with inorganic materials that any metallic 
lannage investigated resembles chrome tannage, 
which produces an elevation of 80 percent or 
more in the heat, entropy, and free energy of 


ictivation 


2. Cross-Linking Tannages and Treatments 


In a previous investigation [1] it was concluded 
that chrome tanning either formed cross-linkages 
between neighboring polypeptide chains or rein- 
forced existing linkages. This conclusion was 
based on the fact that chrome tanning caused an 
nerease in AH, which was not found with any 
ther tannage then studied. Three other tannages 
ave been observed to cause an increase in A//, 
namely, quinone, glyoxal, and cyclohexane disul- 
fonyl chloride, as well as treatment designed to 

minize the parent collagen. The results of 
esis On specimens subjected to these treatments 

given in table 2, and graphs representing a 

ion of these data are shown in figure 1. 
annages with cyclohexane sulfoynyl chlorides 

made in a two-phase system consisting of a 
tion of the sulfonyl chloride in cyclohexanone 
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Effect of tannage with inorganic tanning mate 


and an aqueous solution of sodium bicarbonate. 
Tannage required several weeks, being considered 


satisfactory when specimens immersed in water 


at room temperature showed no indication of 


\ 


putrefaction in 1 week. 
“14 
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ss-linking treatments 


Arne with cy 
chloride [4] 
Tanned with cycl 
de [4] 
Tanned with glyo 
lranned witl 
Deaminized 24 hours 
5, set A 
Deaminized 72 hour 
Tested at pH 
rested at pH 
Deaminized 72 hours 
tanned (1.1 Cr 7 
Deaminized 48 hours at 0 
Deaminized 48 hours at 
tanned at pH 5.2, set B 
Deaminized 48 hours at ( 
tanned at pH 5.0, set B 


Franned with 








Tannage with glyoxal was carried out in a 5-per- 
cent aqueous solution of glyoxal at pH 5.2 for 
24 hours. 

Tannage with quinone was conducted in a 
saturated aqueous solution of quinhydrone at pH 
4.0 for 24 hours. 

Deaminization was carried out according to the 
procedure of Highberger [5]. Deaminized tendons 
were chrome-tanned by the two-bath process 
described previously [1]. Deaminization was per- 
formed in two separate experiments, the first of 
which was designed to ascertain the effect of 
deaminization on chrome tanning. Results from 
measurements on this sample are designated as 
set A. The second experiment was designed to 
determine the effect of deaminization on glyoxal 
and quinone tannage, and results of this experi- 
ment are designated as set B. 

The results shown in table 2 show that tannage 
with the monosulfonyl chloride yields normal 
values of AH, AS, and AF. However, if tannage 
is carried out with the disulfonyl chloride, it is 
observed that AH/, AS, and AF are increased sig- 
nificantly. The cyclohexane monosulfonyl chlo- 
ride tannage has been investigated by Patterson 
[4] who concluded that the sulfonyl chloride re- 
acts with amino groups present in the collagen, 
the reaction proceeding with liberation of HCI as 


follows: 


R’—SO,Cl+ H,N—R-R’—SO,HN— R+ HCl, (3) 
where R’ represents a cyclohexane group and R 
a peptide chain. Sumilarly, a disulfonyl chloride 
may be expected to link two amino groups as 


follow Ss: 


R—NH,+CISO,— R’ —SO,CI+ H,N—R 
2HCI+ R—NHSO,R’ SO,HN—R. 4 


Since collagen contains amino groups in excess 
of those involved in peptide linkages [6], reaction 
4 might be expected to proceed between pairs of 
amino groups in the required spatial configuration. 
This reaction might form an external bridge along 
the peptide chain or a cross-linkage between 
peptide chains. The fact that an increased value 
of AH results from this tannage supports eq 4, 
since such linkages would presumably be broken 
in the activation process and therefore larger AH 
values would be required. The compound formed 
in eq 3 would not result in increased AH values, 


602 





as the linkage formed would not be expected to 
be critical from the point of view of activatio 

It has been found [1] that tannage with form. 
aldehyde did not increase AH, which was taken 
to indicate that cross-linking did not occur in this 
tannage [7]. However, it might be expected tha 
a dialdehyde would cross-link two free amino 
groups, and tests made with glyoxal-tanned s 


mens show large increases of AH consistent with 
this view. The same result was obtained wit! 
quinone tannage as shown in table 2. It will b 
noted that glyoxal and quinone produced approxi- 
mately twice as great an increase in AH as thy 
disulfonyl chloride. Inasmuch as the extent of 
the reactions is not known, no conclusions may 
be drawn from this result. The proposed reac- 
tions involved between collagen and aldehydes 
and quinone have been outlined in detail [3] an 
will not be discussed here. 

It is noted that the results obtained from t! 
two deaminization experiments—sets A and B 
agree as regards effect of deaminization on AH 
and AS, but not on AF». The reason for this 
discrepancy is not known but may be attributed 
to differences in treatment subsequent to deamini- 
zation. At the conclusion of deaminization and 
thorough washing in cold water, the specimens 
acquire a golden yellow color. If tested imme- 
diately, it is found that the warm water required 
for shrinkage causes an apparent elevation of th 
temperature required for shrinkage and _ simul- 
taneously a deepening of the color of the specimens 
If deaminized specimens stand in water at roo! 
temperature, the color likewise deepens to 
reddish brown. Set A was tested several weeks 
after deaminization, whereas set B was teste 
within a few days after preparation. The differ 
ence in time of standing may be the cause of th 
discrepancy in AFy values. The significant 
crease in AH values found on deaminization | 
be interpreted to mean that the interactio! 
nitrous acid with collagen produces some degré 
cross-linking between peptide chains. 

Stubbings and Theis [8] have found that 
e-amino group of lysine in collagen is destro 
rapidly during deaminization, but that the arg 
nine residue is attacked slowly. The ean 
group of lysine has little influence on chr 
tanning, as shown by the 250 keal/mole iner 
in AH caused by 1.1 percent of Cr,O, in 
deaminized specimens. This value agrees \ 
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| crease of 240 kcal/mole in AH caused by 1.0 
percent of Cr,Q,; in untreated specimens [1]. 
ll results imply that the eamino group of 
ysine is not primarily involved in chrome tanning. 


Giyoxal and quinone tannages cause increase in 
SH values of deaminized specimens. This in- 
crease is consistent with postulated cross-linking 
due to the tannages. However, the increase in 
\// observed on tanning deaminized specimens is 
less than half that obtained on tanning untreated 
specimens. This finding probably indicates that 
the «amino group of lysine is involved in the re- 
actions with glyoxal and quinone, but that reac- 
tion also occurs at other groups—possibly at the 
arginine residue not removed in deaminization. 
It appears that cross-linking caused by glyoxal 
ind quinone takes place, partly at least, between 
the «amino groups of lysine as expected. 


3. Chemical Modifications 


In order to ascertain the effect of certain treat- 
nents on the collagen molecule, tests were made 
m chemically modified collagen. It must be em- 
phasized that the results of such tests are not 
able to strict interpretation because of the com- 
lexity of collagen and the lack of detailed infor- 
nation on specific changes caused in the molecule. 
(he following treatments were investigated. 


(a) Dry Heat 


\ sample of air-dried tendon collagen was 
eated for 48 hours at 50° C 
00° C, for 72 hours at 120° C, and for 72 hours 


150° C. At the conclusion of the heating 


for 72 hours at 


riod at each temperature a specimen of suitable 
was removed, soaked in water for 72 hours, 


tested. It is to be noted that a single sample 


s carried through the heating cycle so that the 
cimen, removed at 150° C, had been subjected 
temperatures of 50°, 100°, and 120° C for the 


ods specified. 


(b) Esterification 


sterification of free carboxyl groups was at- 
pted by the method described by Fraenkel- 
Vonrat and Olcott [9] using methyl alcohol. The 
tion was carried out for 4 days at room tem- 
iture. A portion of the specimens was washed 
of acid in a salt solution, while the remainder 
subjected to the action of concentrated am- 
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monium hydroxide for 24 hours, washed, and 


tested. 
(c) Methyl Magnesium Iodide 


Vacuum-dried tendons were subjected to the 
action of methyl magnesium iodide at 30° C for 
1 week. Possible reaction products were hydro- 
lyzed in a pickle solution at 0° C, and the tendons 
were washed free of acid and salt, and tested. 

The results of tests of specimens subjected to 
the foregoing treatments are given in table 3. 


= ABLE 3. Effec t of chemical modi fir alions 


Treatments All AS Af 
nole 
l/ mole le kcal/mole 
Heated at 50° C for 48 ur... 165 $22 24.9 
Heated at 50° C for 48 hr and at 100° C for 
72 hr - = . 136 40 23. 1 
Heated at 50° C for 48 hr, at 106° C for 72 hr, 
and at 120° C for 72 hr SS 204 0. 1 
Heated at 50° C for 48 hr, at 100° C for 72 hr, 
at 120° C for 72 hr, and at 150° C for 72 hr s) . 
Methyl magnesium iodide 148 75 2 
Esterified with methyl alcohol, washed . a 
Esterified with methyl] alcohol — subsequent 
ammonia treatment. 160 427 
® No measurements possible 


It is observed that dry heat appears to deterio- 
rate collagen since AH, AS, and AFy values 
Results ob- 


’ 


appear to decrease monotonically. 
tained on specimens heated at 50° and 100° (¢ 
however, are not significantly different from those 
After heating at 
120° C, a drastic, significant lowering is found, 


obtained on untreated material. 


whereas specimens subjected to heating at 150 
C shrank and disintegrated on soaking so that 
Kanagy |10] 
has shown that carbon dioxide and water are 


no measurements could be made. 


liberated from leather heated in dry air and oxygen 
and concludes that oxidation may be occurring 
at temperatures as low as 80° C. This oxidation 
may be the cause of the rapid decrease in cohesive 
forces shown by the figures of table 3. 

Treatment with methyl magnesium iodide pro 
duced no visible reaction, and the results obtained 
are normal. Since the Grignard reagent is a 
severe dehydrating agent, it would appear likely 
that the results obtained on dry heating are due 
to the effect of heating and not merely to loss of 
water. 

Esterification produced a product that appeared 
unstable in water, and no measurements were made 
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on these specimens. Following esterification, 
specimens were washed in a salt solution for 
several weeks until the pH of the solution showed 
no decrease on standing in contact with the 
specimens for 24 hours. However, on replacing 
the salt solution with water, extreme swelling 
occurred, and it was not possible to perform 
measurements on the specimens. The cause of 
this swelling is not known, but previous studies 
have also shown swelling as a consequence of 
esterification [11]. 

Specimens subjected to treatment with a solu- 
tion of concentrated ammonia after esterification, 
in expectation of replacing the ester groups with 
amide groups, appeared to be stable in water, but 


yielded low AF values 


4. Effect of Changing Test Medium 
(a) Special Considerations of Data on Effect of Test Medium 


Results obtained on tanned tendons appear 
much easier to interpret than data concerning the 
effect of variation of the test medium. In tanning 
tests, the data for tanned tendons are compared 
with those for untanned specimens tested under 
When the 
medium is changed, comparison of results with 
water, pH 


the same conditions of environment 


those of a standard environment (i. e., 
60° C 
erroneous, because the chemical potential of the 


6 to 7, may lead to conclusions that are 
test medium is changed by addition of solute. The 
chemical potentials of both solvent and solute may 
be involved in the activation process in an un- 
known manner. Eyring and Stearn [12] and 
Neurath et al. [13] discuss this pomt in detail. It 
appears, therefore, that it is of questionable value 
to attempt the interpretation of the data obtained 
with aqueous solutions. 


(b) Neutral Salts of Alkali Earth Metals 


Previous experiments [1] on the effect of sodium 
chloride solutions yielded results that were 
interpreted as the result of solute ions interacting 
at ionic linkages in the collagen. In order to 
ascertain the effect of other salts, measurements 
were made using aqueous solutions of a variety 
of neutral salts of various concentrations. The 
results obtained for salts of alkali metals are given 
in table 4. 

The similarity of the general nature of the re- 
sults obtained with sodium nitrate and potassium 
chloride solutions to those previously reported for 


604 


sodium chloride is to be noted. Sodium su!/at, 
solutions produce somewhat different effects, li), 
lithium chloride and sodium thiocyanate solutions 


produce drastic lowering of 7, values. 


TaBLe 4. Effect of solutions of salts of alkali met 

Solute Concen- pH AH AS AF 
tration 
Mole ‘liter cal/ mole 

H,O keal/ mole deg kcal) mole 
NaNO 0. 02 6.8 152 is4 23.7 
Do 5 6.3 125 11 20.9 
Do 0 5 5 O7 233 19.6 
Do 7.0 110 20) 23.0 
Do . 6.4 oO 200 23.8 
NagsO, 0.10 130 322 22.7 
Do 25 116 278 25. ¢ 
Do 5 we 214 24.7 
Do 1.0 106 232 28. 4 
NaSCN 0.1 . 5 133 332 22. 8 
Do , 6.0 136 3 17.7 
Do 1.0 123 327 14.¢ 
KCl 1 6.4 114 274 23.2 
Do 6.3 124 307 22.1 
Do 1.0 6.1 103 241 23.1 
ay 8 K. 7 101 225 2.4 
Lit ! t 4y 19.1 
Do 25 132 R47 16.4 
D 64 128 5 lf. 
Do 5.0 6S 12 v.¢ 


® Saturated at 20° ¢ 
C. Neutral Salts of Alkaline Earth Metals 


The drastic action of alkaline earth chlorides is 
well known [14], and it is of interest to ascertain 
the effect of solutions of such salts on the activa- 
tion process. Studies were confined to the chio- 
rides of barium, calcium, and magnesium, and thy 
sulfate of magnesium. The latter is of particula: 
interest since it is widely used as a filler in sole 
leathers. The results of these tests are shown in 
table 5. 

The similarity of the results obtained with th 
chloride solutions is marked as is the differenc 
between the effects of chloride and sulfate of 
magnesium. The divergence of the data obtaine 
with solutions of magnesium chloride and magne- 
sium sulfate is shown graphically in figure 2 

[It was not possible to pursue investigations o! 
solutions of alkaline earth chlorides to higher con- 
centrations, as shrinkage occurs at or below room 
temperature in such solutions. Some of the results 
reported necessitated measurements below le 
ambient temperature. However, to resolve 
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stion of a minimum shrinkage temperature 
, these salts, observations were made in every 
ance on saturated solutions of the chlorides. 
vas found that shrinkage occurred very slowly 
liscrete regions of the specimens below 20° C in 
saturated solutions, which shows that there is 
minimum on these curves corresponding to the 
shrinkage observed for 


umum temperature 


itions of the alkali chlorides. 


Effec t of solutions of salts of alkaline earth metals 


“ H \H AS Al 1 
Mole cal mole 
H;,O nole deg l/ mole ( 

0 t 137 47 21.8 ‘ 
21 M4 7.0 2 

Qt 7s 4 
" 4 17 {ih { s 

é 136 My 20.9 M) 
60 424 18.7 2 

( f 14 72 16 4 
7 230 67 7.7 40 

2 i lit 2t 22.8 61 

132 4 20.9 yi 

6. ( ’ “ 20.3 

M ’ 40 11.4 42 

4 21¢ 601 Ti 41 
ir} $24 22.4 60 

122 207 22.8 ( 

) 134 ai) 2 “7 

70 121 274 0.2 s 

2. A ’ 7 ’ , 

‘ 257 i v2 

”“) { 


(d) Solutions of Organic Solutes 


The previous conclusion that salts interacted 
principally at salt-bonds was tested by subjecting 
specimens to test media of aqueous solutions of 
organic materials. Such experiments were also 
expected to yj ield information on the role of water 
in the shrinkage process. The complete results of 
these tests are given in table 6 and for ethyl 
alcohol and dioxane in figure 3. 

The results given in table 6 show that, except 
for glycerine, the organic solutes, in general, be- 
have in a similar manner to the alkali chlorides in 
dilute solutions. In more concentrated solutions, 
however, all quantities increase significantly. Lf 
ionic linkages exist in collagen, and are involved 
n the shrinkage process, it would be expected 
that AH should increase by virtue of the lowering 
of the dielectric constant in these solutions and 


the mereased cohesive energy of the collagen 
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molecule. The reverse effect was observed, and it 


appears that ionic linkages are probably not 
involved in the shrinkage process, and furthermore 
that effects produced by solutions of alkali salts 
are probably not the result of interactions of ions 
at such linkages. The alternative explanation of 
this effect [1] that the results obtained are due to 
interactions of the various solutes at hydrogen 


bonds existing in the collagen is, therefore, pro- 
posed as more in accord with the experimental 


facts. 


TABLE 6 Effect of aqueous solutions of organic materials 


The results obtained with glycerine differ from 
those obtained with the other organic solutes. 
Values of AF, show that a decrease in shrinkage 
temperature takes place in concentrated glycerine 
solutions such as are used in testing shrinkage 
temperature [13]. This result suggests that the 
use of glycerine for such measurements is not 
desirable. It would seem that when shrinkage 
temperatures exceeding 100° C are to be measured, 
the use of water under pressure should yield more 


reliable results. Results obtained in solutions con- 
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taining 97.9 percent of glycerine were not obtai 
under the same experimental conditions as ot 
results and are, therefore, not to be compared w 
the other data. It was observed that this « 
centrated glycerine solution penetrated ten 
collagen slowly, and the results shown were « 
tained on specimens soaked in glycerine for 
days. The low heat of activation obtained, 
gether with the observed swelling in glyceri 
indicate a deterioration of collagen by glyceri: 
This finding emphasizes the fact that all resu 
reported must be considered as “short term” 
effects only. 


IV. Mechanism of Shrinkage of Collagen 


Many qualitative descriptions of the mechanism 
of shrinkage of collagen have been published 
(16, 17]. Theories that have been proposed are 
in substantial agreement, differing only in mino: 
aspects. As a result of the present studies, a 
qualitative mechanism has been evolved that is 
in general agreement with those previously 1 
ported. However, details of the shrinkage process 
which have not been considered in any previous 
report, are vital in this mechanism and will be 
discussed at length. The proposed process is as 
follows: 

Collagen may be pictured as containing regions 
of varying degrees of order. The structure of thi 
highly ordered regions of parent collagen has beet 
studied extensively by means of X-ray diffraction 
(18, 19]. Results of such studies are interpret: 
to indicate a grid-like network of polypeptid 
chains cross-linked by 
separated by a distance of 4.4 A. 


bonds anda 
Neighboring 


grids are separated approximately 11 A by sid 


hydrogen 


chains, which link the grids to each other. 

A general picture of the shrinkage process ma) 
be described as follows: It might be expect 
that over some elevated temperature range ¢ 
collagen would become amorphous [20], but 
decomposition occurs before these temperatu: 
are attained [21]. However, upon immersi! 
collagen in an aqueous medium, water penetrat 
between the grids of chains, increasing the spaci! 
irregularly from 11 A to at least 17 A [18] 
this system is heated, the increase in kinet 
energy due to the combined thermal agitation « 
the polypeptide chains and the imbibed wat 


becomes sufficient at some elevated temperatu 
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upture the stabilizing, cross-linking bonds. 

unsupported then spontaneously 
lergo disorientation to a folded configuration 
In the folded configuration, 
greater volume [22] and 


chains 


iigher entropy. 
chains occupy a 
ibit no evidence of long-range periodicity 
The swollen, thermally contracted collagen 

s rubber-like and probably contains few, if any, 
ss-linkages between peptide chains. The term 
oss-linkage,”’ as here, refers to any 
eral bonding through primary or 


used 
secondary 
lence forces. 

[he foregoing picture is well known and gener- 
However, this mechanism does not 


lly accepted. 
count either for the inhomogeneous nature of 
shrinkage process reported in a previous paper 


and which has been shown to occur even in 
submicroscopic fibrils [23], or for the time depend- 
ence of the phenomenon. In order to explain this 
behavior, the following detailed mechanism of the 
shrinkage process is proposed: 
Inasmuch as variations in chain spacing, spatial 
orientation, and chemical structure probably exist 
pure collagen, it is not likely that all cross 
linkages possess equal energies, or even that ex- 
tremely small, arbitrary regions contain equal 
numbers of such linkages. A small region con- 
taining few linkages of low energy is considered 
to represent a site favorable for initiation of 
shrinkage, i. e., a “shrinkage nucleus.” 
Consider a region containing such a nucleus. 
The nucleus is assumed to contain a large number 
of peptide chains and their accompanying cross- 


] . 
linkages. 


Due to kinetic energy of thermal agita- 
tion and thermal bombardment by water mole- 
les, any particular cross linkage may be broken 
nd a degree of freedom thereby imparted to two 
hains even at a low temperature. Upon loss of 

linkage, the sites of the former bond are as- 
med to be saturated with water molecules made 
ailable by motion of the chains and held by 
Barring further de- 
opments, the water molecules attached to the 


ondary chemical forces. 


ins may be ejected by agitation of the partially 
chains, and recombination of the original bond 
Shrink- 


of a pair of chains freed in this manner is not 


y thus occur after a suitable interval. 


ly to occur because of the rigidity conferred 
by neighboring chains that are still cross-linked. 
\s the temperature is raised, more energy is avail- 


e for bond rupture, and the number of bonds 
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broken per unit time becomes larger. The chains 
freed by the ruptures move about, combine with 
water, subsequently recombine, etc. 

It is assumed that when some large minimum 
number of bonds in this nucleus are open at the 
same instant, the structure is so weakened that 
there exists a very high probability that the nu- 
cleus will proceed to a more stable configuration 
(the shrunken state) by chain folding. For this 
process it is believed cooperation between many 
chains is required, therefore many chains shrink 
The configuration in which the 
requisite number of bonds are open is considered 
to be the activated complex [1]. 

These shrinkage nuclei may occur at random 


simultaneously. 


locations throughout the collagen, and shrinkage 
initiated in such nuclei may possibly occur at any 
time. However, it is obvious the process is both 
temperature and time dependent 


although the probability of such occurrence at low 


arate process 


temperature becomes prohibitively small. The 
nodules of initiation of shrinkage previously de- 
scribed [1] are ascribed to shrinkage occurring at 
these shrinkage nuclei. 

Following the formation of a single shrunken 
nucleus, intact. bonds existing between chains in 
the immediate vicinity are most probably sub- 
jected to higher forces imposed by loss of rein- 
forcing bonds that existed in the shrunken nucleus 
and the distortion caused by this material. The 
shrunken nucleus be expected to 
therefore, both laterally and longitudinally at the 
expense of the chains in these directions. 


may grow, 


In the lateral directions the nucleus is expected 
to grow rapidly, as smaller numbers of chains in 
This 


rapid lateral growth is believed to result in the 


these directions may collapse as a unit. 
gelatinous rings previously described [1]. Longi- 
tudinal growth will take place more slowly, be- 
cause the intact lateral structure in these direc- 
tions will necessitate cooperation between more 
chains, and therefore simultaneous shrinkage of a 
large number of chains. The processes occurring 
in the regions longitudinally adjacent to the 
shrunken nucleus are, therefore, pictured as very 
similar to those occurring in the “shrinkage 
nucleus” itself, and shrinkage will take place only 
after a large number of bonds are open simul- 
taneously. 

Longitudinal shrinkage probably occurs at a 


somewhat higher rate than initiation of shrinkage, 
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as bonds in the longitudinally adjacent regions are 
probably subjected to larger forces arising from 
the deformation and freedom of motion of chains 
in the shrunken nucleus. The longitudinal growth, 
however, will probably exhibit essentially the same 
time and temperature dependence as the forma- 
tion of the shrunken nuclei. This assumption is 
justified by linearity of rate data over the tem- 
perature range studied, although an exception has 
been noted [1] in the case of highly swollen tendons 
in which large numbers of bonds are probably 
broken before testing, or in which smaller units 
may shrink because of the swollen condition of the 
collagen. 

The energy absorbed by the shrinkage nucleus 
and the corresponding longitudinally adjacent 
region in the transformation from the condition in 
which the cross linkages are intact to that config- 
uration in which the requisite minimum number 
for shrinkage are broken, is the heat of activation, 
AH. For the reasons given previously, it is 
believed that AH is essentially the same for both 
the initiation and propagation of shrinkage. The 
values of A#/ obtained in these studies are probably 
an average of two very large, nearly identical 
values corresponding to the initiation and the 
propagation of shrinkage. 

The shrunken collagen in the wet condition will 
be rubber-like, as available cross-linking sites are 
combined with water molecules. On partial or 
complete drying, cross linkages will be reformed 
between active sites of adjacent folded chains. 
The dry, or partially dry, shrunken collagen, 
therefore, will be rigid despite the folded configura- 
tion of the chains. 

The bonds that cross-link the peptide chains of 
parent collagen and which are involved in the 
foregoing mechanism have not been identified. 
The nature of these bonds does not affect the 
these studies it is 


proposed From 


concluded that the on/y bonds involved in the 


pre cess. 


process are the hydrogen bonds existing between 


laterally adjacent peptide linkages. This con- 
clusion has not been reached by virtue of direct 


evidence of the participation of hydrogen bonds, 


but by considerations and data pointing to the 
The reasons for 


nonparticipation of salt bonds. 
rejecting the concept that salt bonds are involved 
in shrinkage are as follows: 

The number of such linkages is probably small 
involved. 


because of the spatial requirements 
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Hydrogen bonds may be estimated to possi 
outnumber salt bonds by a factor of seven. 

Salt bonds existing in an aqueous medium of 
type used in shrinkage measurements are expec 
to be labile. 

Deaminization of collagen does not produce 
effect expected if salt bonds are involved in shri: 
age. 

Similarity of results obtained with vario 
solutions containing inorganic and organic solu 
shows common effects of these two types of solute 
The results obtained with solutions of organi 
solutes are the reverse of what might be expected 
if salt bonds were involved, and therefore it appears 
that results with electrolytic solutions are also to 
be ascribed to effects of solute on hydrogen bonds 

The foregoing description is believed to descrilx 
successfully the data and observations obtained i1 


these studies. 
V. Practical Application 


The results of the investigations described in 
this and in a preceding report [1] appear to have 
definite practical applications. The method of 
evaluation of the effect of tannage yields quantita- 
tive data of a more fundamental nature than the 
measurement of shrinkage temperature alone. It 
has been indicated that organic tanning materials 
may produce effects comparable to those produced 
by chrome, and it is not inconceivable that by 
proper choice of pH, concentration, ete., these 
materials might produce acceptable substitutes 
for chromium in tanning. 

A second application lies in the investigation of 
the effects of salts and solutes in general on 
collagen. The results shown here indicate that 
magnesium sulfate might be a good preservatiy 
for hide, possibly better than sodium chloride. In 
order to evaluate the effect of solutes, further 
immersed for extended 


studies on specimens 


periods of time would be required. However, the 


present investigation shows that such studies 
would be advisable with magnesium sulfate but 
useless with lithium chloride, ete. This method 
appears to offer excellent possibilities as a “‘screet 
ing’’ test. 

The entropy and heat values obtained 
specimens tested in aqueous solutions may be of 


practical significance, but, in view of present 
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wledge, it appears unwise to interpret these [11] J. H. Bowes and R. H. Kenten, Biochem. J. 44, 14: 
es 1949 
[12] H. Eyring and A. B. Stearn, Chem. Rev 
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Molecular Microwave Spectra Tables' 
By Paul Kisliuk* and Charles H. Townes’ 


This paper presents a group of tables that give the frequencies, assignment of quantum 


numbers, and intensities of over 700 microwave absorption lines. 


The best available values 


of other pertinent molecular data, such as moments of inertia, dipole moments, quadrupole 


coupling constants, 


and rotation-vibration constants are also included. 


The frequencies 


are listed once for each molecule and again in consecutive ascending order of frequency. 


References are given for all data included. 


Frequencies listed to the nearest megacycle 


were generally measured with a cavity wave meter and may be in error by as much as 10 


megacycles, 
accuracy of about 0.1 megacycle. 


whereas those given to a fraction of a megacycle are generally known to an 


A short discussion of microwave spectra and important formulas is given. For easy 


calculation of hyperfine structure Casimir’s function is tabulated up to J 


Introduction 


These tables were undertaken because of the 
number of 
Beside en- 
provided a 


interest and encouragement of a 
workers in microwave spectroscopy. 
couragement, our colleagues have 
considerable amount of unpublished information 
so that the tables could be as complete and up-to- 
late as possible. However, the considerable 
activity in microwave spectroscopy makes obso- 
lescence of the present tables inevitable, and it is 
expected that they will be revised and republished 
from time to time. Suggestions or additions for 
future editions of these tables will be gladly re- 

ved, either by the authors or the Microwave 
National Bureau of Standards, 


A supplement to bring these 


Standards Section 
Washington, D. C. 
date soon be issued. It is 


tables up to will 


pecially hoped that information obtained on 

microwave spectral lines that is not otherwise 

published that it 
cluded in the tables and thus made available. 
Only molecular lines of frequency greater than 


This excludes 


will be received so may be 


000 megacycles have been listed. 


nuclear resonances molecular beam 
techniques rather than the usual microwave ab- 
as well as the lines of 


fall in the 


reported in the 


found by 


ption measurements, 
omic hydrogen and cesium that 
lines 


icrowave region. All 


Work supported jointly by the Signal Corps, the Office of Naval Re 
h, and the National Bureau of Standards 
sics Department, Colur " niversity 
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10 and J] =9/2. 


literature or otherwise available prior to February 
1949 have listed. In addition to 
actually observed and listed, a large number of 
other lines may readily be predicted from the 


been those 


information provided. 

The primary information is presented in an 
alphabetic listing of the molecules by isotopic 
species, which is subdivided according to the 
transition, except for the hyperfine components, 
which are presented in order of frequency. With 
the listing of each molecule, all available molecular 
constants are given that are needed in interpreting 
the spectra. These include moments of inertia, 
dipole moments, quadrupole coupling constants, 
and rotation-vibration constants. In addition to 
the observed frequency and the transition as- 
signed to each line, we have included a calculated 
value for the intensity and references to the latest 
sources of data from each laboratory that has 
measured the line. 
values of the frequencies were used, or the average 
Fre- 


The most precise reported 


if there seemed no reason for preference. 
quencies listed to the nearest megacvcle were 
generally measured with a cavity wavemeter and 
are subject to an error of 10 or more megacycles, 
whereas those given to a fraction of a megacycle 
are generally known to an accuracy of about 0.1 
megacycle. 

Another listing of all the lines in order of fre- 
quency is included, with sufficient information to 
locate the line in the first table and a classification 
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We have 


arbitrarily taken lines of maximum absorption 


of the line as strong, medium, or weak. 


coefficient less than 5 107-*‘em™ as weak, those 


from 51077 to 10-°em as medium, and those 


creater than 10-°em™ 


as strong. 

The general characteristics of the microwave 
spectra of most molecules may be explained on 
Molecules are 


linear 


the basis of a rigid rotator model 
conveniently divided into three classes; 
molecules, symmetric tops, and asymmetric tops 
[26].° For linear molecules the frequency of pure 
rotational lines is given to a good approximation 
by: [26] 


. h l . . d 
and B Se?\7/,, B.— Dla (» T =) 


where J is the total angular momentum quantum 
number, 


“~ 
Z 


the angular momentum quantum num- 
ber along the figure axis (zero for the 
ground vibrational state), 


~ 
~ 
t 


the centrifugal distortion coefficient in 


sec 


’ 


B, is the average reciprocal moment of the 


L 


} 


molecule in sec 
B, is the reciprocal moment in sec™ if the 
nuclei were in the equilibrium position, 
a, is a coefficient of the change in reciprocal 
moment per quantum of excitation of 
the 7“ vibrational state, and 7, and d, 
are the corresponding quantum num- 


ber and degree of degeneracy. 


In addition there is a splitting term for the degen- 
erate vibrational states [53]. To a somewhat 
rougher approximation the frequencies for both 
linear molecules and symmetric tops is given by 
v=2B(J+1 


of the quantum numbers 


, Where B is a slowly varying function 
The case of the asym- 
metric top is complex, and is discussed in reference 
{9, 29] and earlier papers quoted therein. 

In the event that one or more of the nuclei has 
a quadrupole moment different from zero, the 
resulting coupling to the molecular electric field 
splits the energy levels into a hyperfine structure 
which depends on the various possible orientations 


+ Figures in brackets indicate the literature references at the end of this 


paper 
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of the nuclear spin. The interaction between 
nuclear magnetic moments and molecular magne | i; 
fields is usually much smaller, and has thus {a: 
been observed only as a small correction in thy 
ammonia spectrum. The quadrupole interaction 
for the case of a single nucleus in a linear or 
symmetric top molecule is given by references 
[5, 7a, and 58a]. The energies are given by 

Fo= (eq) 

( 3K »} ~— o(04+1)—T(I4+1)J(J +1 | 
( 


2(2J+3)(2J—1)1(2I—1 ; 


where 
C=F(F+1 I(I+1)—J(J+1), 
F=J+I1, J+I—-1... |J—Ii, 
e(qg=quadrupole coupling constant. 
K=projection of J on molecular 
symmetry axis. 


A tabulation of the function in square brackets for 
J=0 to 10 is given in table 3. The somewhat 
more complex situation when two nuclei hav 
quadrupole coupling is discussed in reference [51] 
The maximum absorption of a spectral line is 
independent of pressure and may be written [58 
Sr? Nf wis? 
oe 3ck TAv 
where N is the number of molecules per cubi 
centimeter, 
the fraction of the molecules in the 
lower state of the transition, 


—™, 
fp 


is the frequency of the line, 
s the velocity of light, 


; Boltzmann’s constant, 


> 
v7 


the absolute temperature, 

is the half width of the line at half 
maximum, 

s the electric dipole matrix element. 


= 


b 


rv 


] 


The vibrational frequencies and the classical 
approximation for the sum of rotational states 
necessary to calculate /, as well as expressions for 
the dipole matrix elements for the various types 
of molecules may be found in Herzberg (26], 
Wu [61], who also discuss more accurate formu! 
for the energy levels. The corresponding infor- 
mation for asymmetric molecules is tabulated in 


the papers of King, Hainer, and Cross [9, 29]. Sinc« 
the hyperfine splitting is small compared to the 
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more 


Ml 


Mole 





rch 





frequency, a total absorption coefficient may 
be caleulated ignoring the nuclear interaction, the 
lt being then divided among the hyperfine 
ponents. Relative intensities of the hyperfine 
ponents can be obtained from tables of relative 
niensities of the analogous fine structure com- 
ponents [8, 60]. 
hus the only quantity not as yet evaluated on 
the right-hand side of the formula above is Av 
the half width of the line at half maximum inten- 
. Although it surely depends on the dipole 
oment, among other things, no good theoretical 
luation is possible at present.* It has in a few 
es been measured experimentally, however, 
in these cases the formula for the intensity 
en above has been satisfactorily confirmed [53]. 
\t low pressures p/Av is constant for a given 
transition, and for the cases where Av has not 
en measured, we have assumed the reasonable 
value of Av 
this approximation that limits the accuracy of 


25 me for 1 mm of mercury. It is 


most of the intensities listed in these tables rather 
than the basic assumptions of the theory or the 
se of the classical sum of states, except in certain 
ases where the dipole moments have not been 
rately measured. Errors as large as a factor 
{ two or more would not be at all surprising in 
cases where the half-widths have not been 
measured, but we consider that intensities with 
rrors of even this magnitude may be useful, and 
may be easily corrected when better half-widths 
become available. ‘The relative intensities for the 
irious isotopes, hyperfine components, and ex- 
ted states of a single molecule are considerably 
more reliable. 
After substituting the accepted values for the 
versal constants and putting e~’’*7~1, we find 
the assumed temperature of 300 K and 
dv =25me, the intensities of pure rotational spectra 
ecome: 
For linear molecules 


Ynee, =2.19 X10" om. 
lor symmetric top molecules 
\ 
4.83 X 107" y Ap*y —" 3, em 
where 


i8 


u is in Debye units (10~" esu/em), 
s the frequency in megacycles, 


siderable amount of work has been published on tl problem since 


roduction was written 
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A is the reciprocal moment of inertia in mega- 
cycles 10~-*h/8?al,, 

J is the quantum number of total angular mo- 
mentum, 

K is the quantum number of the component of the 
angular momentum along the figure axis 

In some molecules, nuclear spin and molecular 

symmetry considerations influence intensities. The 

only common case involves three identical nuclei 

of spin ‘4 off the molecular axis as in CH,Cl or 

AsF;. 


line involving a value of A that is a multiple of 


In such molecules, the intensity of each 


three (including zero) is enhanced with respect to 
other lines by a factor of two. 

Throughout the table we have gviven reciprocal 
moments of inertia, B and A, quadrupole couplings, 
(eq), doubling constants, g, and the a’s and 
D,’s in dipole 
moment, u, is always in Debye units, and is taken 
from “Tables of Electric Dipole Moments’ by 
L. G. Wesson, published by Massachusetts Insti- 
tute of Technology Laboratory for Insulation 


megacycles per second. The 


Research, unless otherwise stated. 

The cases of ammonia and Q,, and probably 
some of the spectra not vet analyzed are in one 
way or another exceptions to the cursory treat- 
ment above, and are, where possible, discussed 


individually. 


Symbols Used in Tables 


A, Largest reciprocal moment of inertia for 
asymmetric molecules, or unique reciprocal 
moment of inertia for symmetric top mole- 
cules, in megacycles. 

Qi, Change in reciprocal moment of inertia per 
quantum of excitation of the 7 vibrational 
State, in megacycles 

Bb Intermediate moment of inertia for asym- 
metric top molecules, or nonunique recip- 
rocal moment of inertia for symmetric top 
molecules, In megacycles. 


By, Average B for ground vibrational state, in 
megacycles. 

C, Smallest reciprocal moment of inertia for 
asymmetric top molecules, in megacycles. 

dD, Centrifugal distortion coefficient in mega- 
cycles. 

Ay, Half-width of line in megacycles at half 


maximum (line width parameter) with gas 
pressure 1 mm of mercury. 
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eq, Quadrupole coupling constant, in mega- 
cycles. 


F, Total angular momentum quantum number. 


zy 


F of initial or lower energy state. 

F,,, Vector sum of J and spin of nucleus with 
larger quadrupole coupling, in cases where 
two nuclei have appreciable quadrupole 
coupling. Subscript i indicates initial or 

lower energy state. 


F,, F of final or higher energy state. 

Fy, Same as F,,, but for final or higher energy 
state. 

Y; Maximum absorption coefficient in em™', or 
“intensity.” 

I, Nuclear spin (in units h/27). 

J, Total orbital angular momentum quantum 
number. 

K, Projection of J on molecular symmetry 
axis. 

M, Medium intensity (5X 10-7’—10~-°em~"). 

M, Dipole moment in Debye Units (10~". esu 

q. l-type doubling constant in megacycles. 

S, Strong Intensity. (>10-%°em™'). 

v1, Quantum number of the 7“ normal vibra- 
tion. 

W, Weak Intensity. (<5><10-*em™! 

TABLE | 


Molecules Listed Alphabetically by Chemical 
Symbol 


Ask Arsenic trifluoride 

The value of A was calculated from the estimates of 
internuclear angles and distances given by reference !13), 
and the intensities of the lines for which the transitions 
have not been assigned were calculated by comparing the 
observed relative intensities with those of the identified 
lines. The fraction of molecules in the ground vibrational 
state was assumed to be 0.9 


p=2. 65 
B=5, 883. 0 
A= 3900 Reference [13] 
eq) as 235 
AsI 
J=1—2, K=0 
Refer- 
fk F, Frequency Intensity ence 
1/2 3/2 23, 458. 6 3 1x10 
9/2 5/2 23,463.0 3.410 
1/2 1/2 23, 517. 0 7] 
bi a = 3 1x10 | (13) 
3/9 5/2 23, 522.4 2.3x10 *| 
3/2 3/2 23, 564.6 3.910 | 
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3/2 5/2 23,472.6 5.81077 
3/2 3/2 23,494.2 3.01077 
5/2 5/2 23, 501. 6 2.4 10o~? 
5/2 7/2 23,532.11 1.110- 
1/2 1/2 23,575.3 2.310 
unidentified (probably excited states] 
23, 512. 9 1510-7 
23, 543. 2 310-7; 
23, 553. 0 5 10? 


BH,CO (Borine carbonyl). 

Vibrational frequencies of BH;CO have not beer 
alyzed. The excited vibrational levels for which Ba 
are given here are hence arbitrarily labeled with 
scripts land 2. For calculation of intensities, the frac 
of molecules in the ground vibrational state was assu 
to be 0.9. 


u=1.79 [49d] 
uw, =1.77 [49d] 


A™122,000 (22) 
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BY H,CO BV H,CO 
Bo 8979. 4 8657. 2 (22, 4 
B,,., 9002. 7 19 
B,.., 8985. 8 {49d 
D; 0. 177 14d 
(eq Q) a 3. 30 1. 55 4 
BYH.Ceo" F; F; Frequency Intensity 
J=0-—1 17, 961. 2 7.810 19 
J=1—2, K=0 
3 2 35,919.02 3.010 
3 3 
») ’ 
: . $35,919.53 4.2x10~ 
3 . | 
' s | 
2 2 
35, 919. S86 5.9 10 
! 3 
: ; 35,920.14 1.110 
J=1 . A=! 
2 1 35, 917. 62 4. 1 10 
. ° |\35 917.88 2.010 
» I] ’ 
} 4 35,918.20 4.510 
y 3 \35 918.50 1.3X10-6 | 
3 { | 
BYH,ceo 
J=1-—2, K=0 
1/2 3/2 34,628.62 2.1 10 
3/2 5/2 
5/2 72 34, 628. 90 18“ 10 
o/2 3/2 34,629.32 4.810 
5/2 5/2 “ 
J=1-—2, K=1 
1/2 1/2 34, 627. 24 15x10 
5/2 7/2 34,627.50 7.310 
a/2 9/2 N34 697.73 3.610 
3/2 3/2 ‘ 
3/2 5/2 34,627.89 3.8x10-¢ 








Mole 












N (Cyanogen bromide 
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B 
cq) py 
eqD) x 
a 
a 
4 
F; / 
0 
3 9 3/9 
5/2 »/2 
5/2 7/2 
7 9 099 
1/2 3/2 
3/2 5/2 
7/2 7/2 
l 
5/9 7 9) 
7/2 9/2 
1/2 3/2 
3/2 5/2 
i= 1 
l; 1/2 3/2 
7/2 92 
lo 1/2 3/2 
7/2 9/2 
| 3/9 rig 
5/2 7/2 
9 5 ») 
5/2 7/2 
1, 7@/2 7/2 
l 7/2 7/2 
9 
2 3/2 3/2 
3/2 5/2 
2 5/2 3/2 
5 2 5 2 
9/2 7/2 
0 
5/2 5/2 
7/2 9/2 
9/2 11/2 
3/2 5/2 
0 2 7/2 
0 


rhe half-width reported in [53] has been used in calculating the intensity. 


p=2.94 
Avy=21.+3. [53] 


Br®Cerni Br'CeN Br®Cunu BrliCunu 
1120. 190 1096. 760 4073. 355 10419. 606 } 
686, 2 573. 2 
3. 83 | om : 
11. 36 11. 23 os, & 
11. 49 11, 49 
3. 91 3. 845 
J=9-10, v=0 82, 405 1.010 [41] 
equency Intens ‘i, Br? BN 
J=3-4, v=0 
583. 00 1310 7/2 9/2 ai - 
633.71 »5.610-9 9/2 11/2 [°* 8. 3 whales - 
3/2 5/2 | [42] 
,713.05 6.510-5 - 5/2 7/g (32 601.46 9.2% 10-7 | 
>) Oe /é 
755. 22 2.910 
BriCeNnu 
S84. 57 1310 J=2-3, v=0 
3/2 3/2 24, 465. 33 4,210 
5/2 5/2 24, 507. 38 5. 4 10~-° 
5/9 7 is) 
645. 82 1010-6 | > pe 24, 573. 86 6.310 (53) 
{ [53] od cs ” mn 
a | as 1/2 3/2 |. ‘ - 
687. 11 1. 810-6 | g/9 5/9 24, 608. 92 2. 7X10 
7/2 @7/2 24,717.19 1.210 
J=2-3, 1 l 
760. 76 7.51078 | 5/2 7/2 
_— 9/2 24, 506. 75 3.9 10 | 
‘ja Ula | o 
, 784. 02 7.5 10 | 1/2 3/2 [53] 
219 «5/9 24, 541. 18 1.710 
| ~ ia 
803. 00 6.9 10-8 | (53) 
-— J=2-3, ».=1 
20. 4 ’ { « 
R2¢t 0 6. 9 10 1 1/2 3/2 —— ees 
, 890. 0 7.310 12 93 [7 nen 
4 7 2 ] 1/2 3/2 
006. 0 7.310 : om _ 24. 645. 82 7 7<10 
. oe (53) 
mt rt 24. 658. 89 6.810 
) “a iia 
860. 6 6.510 l 3/2 5/2 ; , 
510 ” 10 24. 682 13 6. Ss 10 
| [30 é 4 
981.5 9.810 | 
J $4, 1 0 
0/2 d/2 32, 643. 13 5. 6 10 
7/2 7/2 32,720. 28 7. 4x 10~- 
7/2 9/2 = 
804. 56 8 10 | 9/2 11/2 32,770. 13 1.4 10-4 (42) 
~ - 2/9 5/9 
, 956. 68 1510-4 [42] S we a 32, 786. 65 8. 2 10 
/2 ‘/é 
976. 40 8. 6 10 | 92 92 34,913. 24 5. 7X10 
J =8-9, 0 73, 742 2.8 10 
165 2.910 [41] J =9-10, 0 81, 936 3 8& 10 (41) 
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B."C4N'—Continued 
J=3-4 0 F I Frequency Intensity 
7/2 9/2 
y apyg (32392. 59 1. 5x 10 
Q/* ‘ 
» oe [42] 
29 5/9 } 
o/s Sie 32. 409. 06 9 2” 10 
5/2 7/2 
CF,CH Since the dipole moment and vibrational fre- 


quencies of this molecul 


to calculate the intensit 


are not available, it is impossible 


\ 


However, observed intensities 


CH,CI 





Unsymmetrical diflourceth ylene 
j 





are estimated in [5], and these are 


line is p 


CHCIF, 


has not 
or strong 
necessa;r 
CH,Br 
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robably due to an excited 


given. The weaker 


vibrational state 


B 5185 17 
p=2.33 39b] 
Frequer Intensity 
K=0.1 20, 679. 9 >< 10 [39a] 
20, 710. 6 Lx 10 [17, 39a] 
20, 742. 32 2x10 [17, 39a] 
31. 020. 7 
31. 066. 8 [39a] 
31, 114.4 
The spectrum of this asymmetric top molecule 
heen analvzed. The assignment of weak, medium, 
g is that of the reference and does not correspond 
ilv to the convention adopted in this table 


217 
») 947 
22. 305 
22. 353 
>? SSH 
> 410 
22. 436 
2, 462 
22, 4351 
22, 545 
22, 553 


23, 644 
23. 680 
23, 733 
23, 803 
23, 826 
23, 845 
Veth jle ne bron de 
u~1.6 
I req sency 
25. 056 (57 





u= 1. 366 
Ay= 11, 002 \i3g78 
By= 10, 428. 5| , 
( 5, 345. 6 
CX¥H,C®l 
Observed 
Transition Freq sency intensity 
21, 482 M 
21, 549 W 
21,573 W 
21. 689 Ay 
&,—8 21, 734 M 
22, 236 M 
22, 281 s 
22, 383 MM 
22, 341 Ay! 
22 660 \ 
22, 752 s 
23, 181 M 
23, 206 W 
23, 214 M 
23, 220 M 
23, 234 W 
23, 323 M 
23, 361 M 
7,—7 23, 433 Ss 
23, 649 M 
23, 770 M 
23, S12 M CH 
23, O86 M r 
24, 021 M " 
24, 150 W ws 
24, 204 M exeied G 
24 323 S tional state se 
24, 352 M 7 
24, 357 W 
24, 450 s 
24, 545 M 
24,579 W i 
24, 602 W ' 
24, 639 M 
24, 734 M 
6 6 24, 770 s 
24. 806 W 
24, SOS W 
6.—6 25, 248 M 
25, 350 s 
25, 450 M 
25, 516 Ss 
a) 5 25, 729 Ss 
25, 741 M 
26, 118 s 
26, 163 M 
| ty 26, 328 s ‘ 
26, 337 M ‘ 
l 2 26, 410 W ‘ 
l 2 26, 466 \I y 
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mms Nw we Ww 


“Eds 59 9 9 a 
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710 
745 
, 748 
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S48 


to t> bo tS to 


_ 007 


295 


CH,Br (Methyl bromi j 7 i™ 150,000 





teference [23 38a | 


/ nlensily 


1810 
9.7X<10 
1.510 


9 
9 
» 
) 
9 
») 


CH.Ch (Methylene chlo 


Turner [57] has given the relative intensities listed for 


s asymmetric top molecul his author has also made 
ransition assignments it they have been questioned by 
nn [23a], and are not listed here. Frequencies given 

a plausible compror tween those of reference 


and [11]. 


NM Nw Ww WN bo 


Mb 1.6 
Observed 


relative 
Frequency intensity 
23, 476 
24, 440 
24, 471 
24, 577 
24, 627 
24, 631 
24. 636 
24, 842 
24, 916 
24, 967 
24, 970 
24, 976 


4 996 


, 943 
160 
040. 3: 


030. 77 


, 116 


“J 
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, 237 
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wow &» ee +) 


Nw Wh NW lO ty 
NM NNW NM WW bo 
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O06 
, 066 
, 097 
, 157 
, 175 


218. 21 
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5, O38 
046 
5, 047 


5, 053 
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CH,CCH (Methyl acetylene). C8H;Cl 


This molecule, while probably a symmetric top, has ten 





29 2/9 = Fue »o p 8} 
distinet vibrational frequencies, two or three of which are 3/2 3/2 25,577. 2 4. 5X10 | 
3/2 5/2 25, 596.0 6. 7x 10-5 fll 
low enough to be appreciably excited at room temperature, 3/2 1/2 25.611.2 2 210-8 
the lowest (v;9=336 em~') to several quanta of vibra- 
tional energy In addition, centrifugal distortion will C3H,CE 
separate levels of equal J but different K. The transitions J=0-—1, K=0 
have not been assigned, but we include the observed 3/2 3/2 25, 195.2 14x10 ‘| 
relative intensities 3/2 5/2 26, 183. 0 2.1 10~* {it 
3/2 1/2 25, 167.4 6. 9x 10>" 
hs 75 
~— ) 
B=8,408 - CH.CN Vethyl cyanide 
[35] 9 4 
‘ Ta) um. 
CH;CCH eqQ) x 1.67 
Relative A™150,000 
J 2-3 Freq tency nlensily B 9198.45 [2s 
51. 260 50 
51, 264 SO F, F, K Frequency Intensity 
51. 266 100 J=0-1 l l 0 18, 400 1. 40 1.7 10 | 
51, 296 10 1 2 0 18, 400 7.810 | 36 
51, 313 10 l 0 0 18, 400+ 2. 10 1. 6 10 | C'H 
51, 314 10 J=1-2 1 2 1 36, 793. 64 3. 1X 10-5 ) 
51, 318 5 0 l © Tice ene ee - | J=1 
51, 319 5 [35] 2 2 l 36, 794. 26 2.5 10 
51, 334 15 2 3 1 36, 794. 88 5. 710 in 
51, 363 30 1 2 0 £ <3] 
51, 410 30 2 3. 9 [20 795. 38 1. 2x 10 | 
51, 416 30 0 1 | 36,796. 27 1. 410-5 | 
51, 418 15 ee 0 36,797. 52 14x 10-5 J 
51,419 15 
51, 464 15 j . . om. 
Excited vibrational 
Stef ‘= 7 ) 7 ¢ 
CHCl (Methyl chloride — oh 87H 08 | 
36, 903. 40 } [27] 
36, 942. 15 
u 1.86 
A=150,000 CH,F (Methyl fluoride 
“ LSI CH. 
CPeH,Cl C®8H,Cr A™ 150,000 
By = 13,292.89 [23] 13, O88. 19 [23] Av=20. Reference [19] 
eqQ 75.33 [23,27b] 58.5 [23, 27b] 
"13 ; — CYeH.F CSBH,F C°’H 
C¥H,Cl CVH CP Bo=25, 535.85 24, 862. 37 
B 2,796.2 [11] 12, 590. 0 [11] I—o 
CeH r Frequene y Intensity I 
a =» . , l 
; J=0 Oo : 69 : 4 23, 19, : yri- 
CYH.cl F F —— —s J LA 1, O71. 6 1.410 [23, 19, and } Exeit 
vate comn 
nication. | 
J=0-—1, K=0 
3/2 3/2 26,570.77 4.4 10~ CHF 
3/2 5/2 26,589.49 6.610 (23] J=0-1,K=0 49,724.73 1.5 10~ 
. 1 
3/2 1/2 26,604.57 2.2«10~- ‘ 
CH. !I Vethyl iodide 
C°®H,Cr 1.5 
m mi ( " 
J=0—1, K=0 A™ 150,000 
3/2 3/2 26, 164. 57 1.4 10 (eq), 1934 rate 
3/2 5/2 26,179.30 2.1x«10- [23] Bo C®’H,! CBHI a 
3/2 1/2 26,191.13 7.1«10-7 7501.250 7119.040 [23] 
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I 
FP; Fy; Frequency Intensity 
2, K=0 
3/2 5/2 29,598.95 9.2x10 
7/2 7/2 29,673. 95 1.4 10 
7/2 5/2 29,773.95 2.3x10 
3/2 3/2 29,872.52 1.4x«10- 
7/2 9/2 30,046.99 5.0 10~- 
5/2 7/2 30,079.72 2.610 
3/2 1/2 30,121.32 1.0 10~ 
o/2 5/2 30,179.71 2.610 
5/2 3/2 30, 453. 46 6.3 10 
. A=! 
5/2 7/2 29,735.71 2.510 
9/2 5/2 29, 782. 71 1.810 
5/2 3/2 29,923.50 1.8x10 
- 7/2 7/2 29,939.87 1.410 
7/2 5/2 29, 986. 84 2.4 10 
3/2 5/2 30,075.08 9.510 
7/2 9/2 30,123.64 5.1«10~ 
3/2 3/2 30,215.95 1.410 
C'H,I 
j=} > K=0 
3/2 5/2 28. 069. 99 1.0 10-° 
“ 7/2 7/2 28, 145. 01 15 10>" 
j 3/2 3/2 28,343.64 1.5x10- 
7/2 9/2 28,518. 14 5.5 10-° 
5/2 7/2 28,550.86 2.910" 
5/2 5/2 28, 650. 91 2.9 10-* 
l . A=] 
5/2 7/2 28,206.90 2.8 10-* 
5/2 5/2 28. 253. 84 2.0 10-* 
7/2 7/2 28,411.19 1.5x10~° 
7/2 9/2 28, 594. 74 5. 6* 10-° 
3/2 3/2 28, 687. 21 1.5 10-5 
CH NC (Methyl isocyanide 
eqQ)~<0.5, A™ 150, 000 
B C“®H;,;,NC® C®H;NC® | 
10, 052.79 9, 695. 802 
C&H NMC 
Frequenc / 
J—0-1, K=0 20, 160 
1-2, K l 10, 210. 27 
l-2, K=0 10, 211. 16 
ited vibrational states 10, 313. 37 
40, 364. 07 
10, 366. 55 
40, 424. 49 
C°HsN4C 
2,K | 38, 782. 21 
2, K=0 38, 783. 21 
NCS (Methyl Isothiocyanate All of 





{23] 


(23) 


[28] 


[36] 


the transitions 


is slightly asymmetric rotor are approximately degen- 


except 


ational states are 


(19) 


those for which +r 
labeled D, 


1—J and 2 
E, and J 
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3.18 





7 
CH;NCS* CH;NCS* 

(B+C 2526.2 2461.7 {la} 
Observed 
relative 

Transition Frequency intensity 
CXH.N'YCRs2 
J=3—4 20. 020 1 ) 
3-2—4_; 20, 140 10 
Deg. line 20, 216 100 | 
20, 230 1 | 
Deg. line, E 20, 241 - | 
Deg. line, D 20, 350 20 | 
20, 413 1 | 
Deg. line, J 20, 443 10 
J=4—5 24, 824 l 
24, 971 l 
25, 077 l 
25, 100 1 
25, 161 l 
i 5, 25, 195 10 
Deg. line 25, 269 100 
Deg. line, E 25, 306 7 
1 5.3 25, 333 10 
25, 390 | 
25, 409 l 
Deg. line, D 25, 442 25 
Deg. line, J 25, 550 10 
4 5-3, J 25, 653 l 
C3BH,N'4CRs2 
J=4-—5 Deg. line 24, 143 l 
C8 HyNYCRS® 
J=4-—5 Deg. line 25, 002 l 
Cey NCR S32 | 
J=4-—5 Deg. line 24, 930 1 | 
Ce®H NCS 
J=3—4 Deg. line 19, 700 5 | 
Deg. line, J 19, 929 1 | 
i—5 Deg. line 24, 609 5 
Deg. line, J 24, 910 2 
5—6 Deg. line 29. 700 
CH,NH Vethylamine 
p=1.2 
1/2(B+ C) ~22,700 {18 


F 


"requency 
21, 712 
21, 935 

, 258 
, 535 
_ 590 


, 595 


2 
» 
» 
> 
2,612 
2, 732 
2, 740 
2,977 
3, 115 


3, 205 


[la] 


619 





24, 911 
24, 926 
24, 928. 70 
24, 933. 47 
24, 934 
24, 959 
25. O18 
25, 053 
25, 124 
25, 294 
25, 381 
25, 541 
25, 797 
25, 878. 
26, 120 
SUO 26, 310 
SIO 26, 562 
000 17. 840 
065 18, 010 
200 18, 357 
170 18, 363 
18, 396 
ne 18, 404 
laa 18, 700 


324 


CH.NO, (Nitromethane 


CH.OD 
Observed 
ve Frequency 
relative ; 17 052 
fensily 17, 266 
79 17, 346 


115 


? 


1) 


CH,SCN (Methyl thiocyanate Only the strongest 


of this slightly asymmetric molecule have been mea 


Frequency 

, oo @ 

60 | — 22, 680 [la] 
28, 380 _— 


~* a“ > = — we oe A OO OU 
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9) 
9) 
») 
o 
9 
») 
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9 
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CH,OH. This asymmetric top molecule has been investi- 
gated by five different laboratories The listed lines repre- H.C! (Vinyl chloride 
sent a reasonable compromise between their somewhat : 
conflicting results, The lines for which a single J is listed 
are probably due to a hindered internal rotation and are C.H,CP C,H,;,Cl 
discussed in reference [6 A 56, 100 56, 070 
Bo = 6030. 5 5903. 7 
u~1.66 Cc 5445. 2 5341. 3 
eQ(0? V/0a*) 57. 4 
we eQ)(0? V/Ob*), 2 
910 
, 971 


350 


Transition Frequency 


11-202 
9. 


550 lo; 
2, 305 lie 
121. : (14, 25, 3% l, 
, 346 ] 
, 425 l 

l 


S54 


23, 055. 0 


21, 930.2 J 
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O (Ethylene oxide). This asymmetric top has been CHCrRNnis 
tigated in two laboratories. Frequencies given are ; F f ’ Frequency Intensity 
of reference [10] and [10a] which appear to be the 


precise. The lines C,D,0'* were observed with en- 
3, 862. ! 9.310 
: 10 
10 
10 
10~-* 
10 
10 


d material, not with the intensities listed for the 


NS bo 
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ho 


rium natural abundance of 0.02 percent. 
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20, 389 

15, 449 [10, 10a] 
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a ie en oe to Nw bh bo 
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[10, 39) 
[20, 39] 
{10, 39) 
[10, 39} 
[10] 
[10a] 
[10a 
110) 
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[10] 
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110] 
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HC} Fluoroform 

1 was calculated 

the authors, assuming 
assumed ths 


vibrational state 


at 0.9 of the 


HNCS (/sothtocyanic acid 


HN 


5SO6 


Av IS 

p= 1. 59 

By= 10, 348. 74 
1. 4> A=5, 600 


Intensity 
/ 


1.0 
0,1,2 Frequency Intensity 

11, 394. 95 2. 2X10 
HCN (Hydrocyanic acid This line is really a tr 
and the calculated intensity is for the sum of all 


hyperfine components 


HC’N" 

J=O—1 

H.CO (Formaldehyde 
364,500 


51,720 


Frequency 
28. 974. 85 
18. 284. 60 
109. 35 


838. 14 


CD) 
is, 
7) 
fa 


99 
H.O (Wate The water line has been investigat« 

pressures by several workers 

of the HDO lines follows the proce 


able of using natural abunda 


higher not quoted 


rhe intensity 
adopted throughout this ts 


} 


where possible, the abundance of D 


percent 
HDO 


S4 


H,O 
l 


10 {42 
H.O 


of other information, 


’ distance estimated by HDO! 


It was also 


ground 


HN (DS 
5847. 3 
Frequen / 

23, 464 





being taken as 0.02 


~J]I «J =] «J «J 


Che half widths, dipole moment and intensities are [Ce 


d in reference [54] Freque ney Intensity 


393. 87 7 1O~ 
711. 50 : 10 
7 a 10 
65 10 
50 2x 10 
R5 10 
OS { 10 
7. 64 f 10 
36 : 10 
58 j 10 
92 10 


p=0.65 [54] 
B, = 3422.300 


Ss » 


2930.0 


16.060 


' ' 


equency I ntensit 
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27, 194. 75 


aé 


»7, 202. 64 
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ww bw tw 
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NH; (Ammonia The ammonia spectrum is unusual in 
being produced primarily by inversion or vibration rather 
than rotation of the molecule It has considerably greater 
intensity than other micro-wave spectra of the same fre- 
quency, with the result that it is the first known and most 
widely studied microwave spectrum. The dependence of 
inversion frequency on the rotational quantum numbers 
J and K of the molecule produces a ‘fine’ structure 


with frequencies given by the formula [45] 


23,785.75 — 151.450(/7 J— kK? 59.892 K24 
0.49569(. 22+ J—K 0.37674K2(J24+-J— RK? 
0.065544‘. 


This formula applies with an accuracy of about 2 me for 
small J and K up to about J 12 « xcept when K 3, for 
which deviations are somewhat larger [45, 34] The 


expression [40] 


23,787—151.3 J(J+1 211.0 K?+-0.5503 J2(J 
1.531 J(J+1 1.055 K4, 


applies with an accuracy of about 30 me up to J=16 
Each one of the lines listed for N“H, may be expected to 
show hyperfine structure due to the N“ quadrupole coupl- 
ing [7a, 58a]. Additional small frequency shifts of this 
hyperfine structure due to the N" nuclear magnetic coupl- 
ing have been detected [40, 24a, 27a] The resulting 
symmetric patterns of two weak lines on each side of the 
lines listed have been studied up to J=9 [40], but the 
weak lines are not listed in this table. The frequency 
difference between these lines and the strong component 


that is listed are given by 


0.0104K2 | nie ] 
ak j 0.0022 }}; 


J+1 [ 0.0104K +0.0022 }} 


LJ (J +1 | 


The sign of eqQ cannot 


mentally, 


be definitely measured 


but is very probably negative, and is as 


negative in the expressions for dv and év’. NH, she 


hyperfine structure, since the N quadrupole mon 


zero 


Intensities of the weak hyperfine components r 


to the strong component decrease approximately a 


The rather involved expressions for exact intensit 


given 
errors 
Inte 


by Candler [4c] and (with some typogra 


in reference [40] 


nsities listed in the 


structure lines 


ponent 


without 


r 


table are for the entir 
esolution of hyperfine 


s) assuming for each line, including the NH 
width Av measured ik 


the same value 


N'H,J=3, K=3 


of half 
line[50]* 


that for a number of NH 


according to the formula 


so that 


intensities should 
table by multiplying by the factor [3/(J+ 1) /4K?] 


apparent frequencies and values of Av at atmospher 


be 


Bleaney et al.|4a] find ac 
lines Ap depends on J a 


obtained from those 


higher pressures differ widely from those given her 


59a, 4b]. See also [33a]. 


NH 


1m monia 


rm 
Av 
Ag 
B 
eq) 


1.45 
28. 
189,000 
298,000 
4.10 


189, 000 
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00 
24 
15 
10 
91 


. 78 
32. 20 


16 


. 48 


61 
11 
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. 94 
. 90 
» O4 


. 23 


14 
91 
00 


. 00 


Inte nsity 
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NS 0 0 D> 


9> 
RS 
9> 
<10 


<10 


10-5 
10-5 
10-¢ 
10-5 
‘10 
10> 
<10-5 
<10-5 
10-5 
10-5 
10-4 
10 
10 
10-6 
10-4 
10-4 
10-4 
10-4 
10-4 
10 
10 
<10-5 
10-5 
10-4 
10-4 
10-4 
10-* 
10 
10-4 
10-5 
10-4 
10 
10-4 
10o~4 
10 
10-4 
10-* 
10 
<10-¢ 
10 
10 
10 
10 
10-¢ 
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[45] 
[45, 
[4] 

[45, 
[45, 
[45, 
[45, 
[45, 
[45, 
[45, 
[45, 
[45. 
[45] 
[45, 
(45, 
[56] 
[45, 
[45, 
[45, 
[45, 
[45, 
[56] 
[45, 
[45, 
[45, 
[45, 
[45, 


[40] 
[40] 
[40] 
(40) 
[40] 
{40} 
[40] 
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140) 
[40 
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21] 
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Earlier re 
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worke rs other 
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alread ¥ quote d 
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[4] 
[4] 
[4] 
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[4] 
[4] 
[4] 
[4] 
[4] 


[4] 
[4] 


[4] 
[4] 
[4] 
[4, 50] 
[4, 50] 


[4, 50 
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[4, 50) 
[4, 50 
[4, 50] 
[4, 50 
[4, 50) 
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625 








Frequency Intensity 
20, 272. 04 tx 10-7 
20. 682. &7 , 10-7 
21, 202. 30 ‘ 10 
21, 597 10 
21, 637. 91 10 
21, 667 10 
21, 783 } 10 
846 lO? 
044. 2 2. 6 10 
134 a! 10 
10 
10 
10 
10 
10 
10 
10 
1O~ 
1x 10~- 
0 io? 


Frequency Intensit 
25, 123. 03 10 
25, 123. 2 10 
9 


5, 123. : 10 


1o-* 
61 ‘ 10-* 
73 107" 
5 10 
8 0 10 


ty to to ty 


—» 
‘ 


Oxygen This spectrum 1s of a fundamentally 
ent nature than the other molecular spectra 
herein, being due to a magnetic coupling to the « 
magnetic field rather than an electric dipole cou 
The theorv of the transition has been discussed b 
Vieck [58b] 

As : {3] 


[7b] Frequency 
[39e] Ca. 60,000 [3° 


OCS (Carbonyl sulfide 
p(OUCRS2 3: [16, 27] 
[49¢] 
[16, 27] 
(52) 
[53] 


OLCERSS OVCrS N 
6004. 918 5932. 843 6061, 939 


10. 37 
6. O7 
[52] [53] 


The B "s listed above are those for the lowest obse rved J 


o ty 


Nt Nw NW NS te te 


transition, since they may be expected to increase with J 


because of centrif igal stretching 
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Carbonyl selen 
754 
728 ; 


730 


17] 


F equency 


23 646. 92 2 810-8 


B 
3994. 009 
1017. 677 
1042. 460 
1055. 300 
1068, 465 
1095. 793 
3980. 045 
1005. 112 


ency Intensit 
974. 67 13x10 
410. 70 10 
142. OS 10 
162. 42 10 
331.7 
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10 


10 

10 

10 

10 

f 10 

246, 47 10 


964. £ ‘ 10 
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§ O06. 2 10 
014. 97 10 
O16 10 


SSO. 1S § 10 


Tables 


Inte ns ly 
24, 247. 76 5. 9X 10-7 
24, 275. 25 6. 6 10-* 


24, 301. 05 6. 6 10-5 


/ 


‘| > 10-* 
S4 oS. é 10-* 


5. 7K 10 

100°C 
6. 4 10~ 
6 10~* 
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9. 6x 10-° 


a D,c/see 
86 005 d 875 + 50 
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Paste 2. Lines listed by frequency—Continued TaBLe 2. Lines listed by frequency—Continued 


juency —_ Transition Molecule Frequency — Transition Molecule 
285. 30 Ss NUH 22, 535 E CH,NH, 
350 CH,OH 22, 536. 26 W NOH 
391. 55 M NUH 22, 545 CHCIF, 
21, 482 M CH,CF, 22, 553 _. CHCIF, 
91,549 W CH,CF, 22, 590 CH,;NH, 
21,551 CH,OH 22, 595 CH,NH, 
21,573 W CH,.CF, 22, 612 CH,NH, 
91. 597. 86 M NOH, 22. 624. 96 M . NH, 
21, 637. 91 M NH 22, 649. 85 M ‘ NHS 
21 664 Cc’ p,o" 22, 653. 00 S NUH 
21, 667. 93 M NOH 22, 660 W CH,.CF, 
21, 689 M CH.CF, 22, 680 3-4 C“XH,S®Ce Nn 
21. 703. 34 s NH 22, 688. 24 Ss N“H, 
22, 732 s , CH,NH, 
21,712 CH,NH, 22, 732. 45 Ss NH; 
21, 734 M CH,.CF, 
21, 783. 98 M _.| N®™H 22, 735 SO 
21, 839 1-2 DN¥CBS2 22, 740 ; CH,NH, 
21, 846. 41 M 1-2 DN¥CBS# 22, 752 5 CH,CF, 
23, 789. 41 M : _.| N5H; 
21, 897 1-2 DN¥CBS2 22, 819. 30 W 1-2 O8CPS 
21, 930. 2 1-2 C,H;C! 
21, 935 CH,;NH, 22, 834. 10 Ss NUH 
22, 044, 28 W N5'H, 22, 904 : sO 
2, 064 SO, 
22, 915 1-2 HN'C¥Ss 
22, 134. 89 W NH, 22, 924. 91 S NH; 
22, 217 CHCIF, 22, 934 sO 
22, 225 SO 22, 946. 9 1-2 C,H,Cl 
22, 234. 51 Ss NUH 22, 977 ; CH;NH, 
22, 235. 22 M H,O 
23, 004 W NH 
22, 236 M CH,CF, 23, 021 CH,NO 
22, 247 CHCIF 23, 033 SO 
22, 258 CH;NH 23, 046. 10 M NH 
22, 281 S CH,CF, 23, 054. 97 W NH; 
22. 305 CHCIF,, CH,OH 23. 055. 0 : 1-2 C,H,;Cl 
22, 307. 67 \ HDO 23, 098. 78 Ss N"“H 
22, 353 CHCIF, 23, 115 CH®NH, 
22, 355 M NUH, 23, 121. 2 CH,OH 
22, 369. 6 1-2 C,H;Cl 23, 134 M C,H,O 
22, 383 M CH.CF, 23, 181 CH,CF;, 
386 CHCI 23. 198. 66 W 1-2 ONCES* 
22, 391 M CH,CF, 23, 205 CH,NH 
22, 410 CHCIF, 23, 206 W CH,CF, 
23, 214 M CH,.CFP, 
22, 436 CHCIF, 23, 220 M CH,CI 
22, 462 CHCII 
22,475 SO, 23, 232. 20 Ss NH 
181 CHCIF, 23, 234 W CH.CP, 
185. 9 : 1-2 C,H,Cl 23, 250 CH,NO 
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ABLE 2 Lines listed by frequency—Continued PasBLe 2. Lines listed by frequency—Continued 

Freq cy — Transitior Molecule Frequency —— Transition Molecule 
23, 295 CH,NH 23, 694. 48 Ss NH, 
23, 300 CH,NH 23, 706 CH,NO, 

23, 722. 61 8 N“H 
23, 305 CH,NH 23, 731. 33 M 1-2, 0 ONCrS* 
23, 308 CHCIF,; 23, 733 CHCIP; 
23, 323 M CH,CPF, 23, 738 SO, 
23, 335 M CH,NH 
23, 346.8 CH,OH 23, 760. 67 W 1-2, l ONC’S* 
23, 361 M CH,CF, 23, 770 M CH,CF, 
23, 372. 72 M 1-! ClH*C2N" 23, 784. 95 W 1-2, l OMVrcrs* 
23, 389. 00 M 1-! Cl’*C“2N" 23, 803 CHCIF, 
23, 389 1-! HN¥CS2 23, 812 M CH.CFP, 
23, 389. 61 M 1-{ Cl*C28N" 

23, 826 CHCIF, 
23, 390. 53 M 1-! Ci"C2N" 23, 845 CHCIF 
23, 402. 47 M 1- Cl7C"@N" 23, 854. 4 CH,OH 
23, 404 CH,NH,; 23, 862. 57 M 1-2, 0 CC" N'* 
23, 413 SO, 23, 863. 5 Ww 1-2, 0 ClC82N 4 
23, 421. 99 M N“H 

23, 863. 8 W 1-2, 0 ClHCeNn'"* 
23, 425 CH,OH, CH;NH, 23, 864. 0 M 1-2, 0 CHCeN"* 
23, 430 CH;NH; 23, 864. 2 M 1-2, 0 CHCUN" 
23, 433 Ss CH,CI 23, 864. 5 M 1-2, 0 ClCeNn' 
23. 446 CH,NH, 23, 864. 9 W 1-2, 0 CHC2Nn' 
23, 458. 6 W 1-2, A=0 As! 23, 865. 1 W 1-2, 0 CHC"N' 

23, 870. 11 Ss N“H 
23, 463. 0 W 1-2, A=0 As! 23, 878. 6 M 1-2, 0 ClCrN'" 
23, 464 l- HN"C8S 
23, 467 CH,NO 23, 878. 9 W 1-2, 0 ClC"=N" 
23, 472. 6 W 1-2 X=! As! 23, 879. 7 W 1-2, 0 Cl=C28N" 
23. 476 CH. 23, 880. 18 W 2-3, 0 OUCHSe* 
23, 483 CH,NO 23, 883. 30 M 1-2, 0 ClHC2N'* 
23, 494. 2 W 1-2, K=1 AsI 23, 884. 2 M 1-2 0 ClC"N'" 
23, 501. 6 W l A l Asl 23, 884. 8 M 1-2 0 ClC2N" 
23, 510 CH,NH 23, 884. 9 Ss 1-2, 0 CIC N'* 
23, 512. 9 W As] 23, 885. 16 Ss 1-2, 0 CiC2N" 
23, 517. 0 W ! K=0 As] 23, 885. 3 M 1-2, 0 ClC2Nn" 
23, 522. 4 M 1-2, K=0 As] 23, 885. 76 W 1-2, l OMOEPS 
23, 532. 1 M l K=1 AsI 23, 886. 0 M 1-2 0 ClCeNn' 
23, 534. 67 W l Orces 23, 886. 2 M 1-2 0 CHCun 
23, 538. 9 l C.H,Cl 23, 899. 59 M 1-2, 0 CHC2N'" 
23, 543. 2 W AsI 23, 900. 20 M 1-2, 0 CI#C2N" 
23, 553. 0 W As 23, 900. 7 M 1-2, 0 CIC? N's 
23, 564. 6 W | K=0 As! 
23, 575. 3 W ! A As 23, 917. 9 Ss 1-2 l 15C2N" 
23, 610 M C,H,O 23, 920. 91 M 1-2 0 15Cr2N 
23, 644 CHCII 23, 922. 32 M NH 

23, 925. 5 M 1-2, l Cl3CuNn 
23, 646. 92 W | 0 OMCHC™ 23, 928. 7 M 1-2, | CHC2N'" 
23, 649 M CH,CF 
23. 657. 46 s N'“H 23, 938. 6 Ss 1-2. l CHCeNn 
23, 661 W 1-2, 1 l OCS 23, 944. 4 M 1-2, l ClC2N'"* 
23, 680 CHCIF,, CH,NH 23, 948. 2 Ss 1-2, l ClCYXN" 
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27, 286. 25 3-4, v=0 IC] 29, O61. 14 M NH; 
27, 292. 63 3-4, v=0 ICP 29, 080 C"'D,0" | 
27, 205. 05 3-4, v=0 IC] 29, 460 SO, 
27, 297 Ss CH,CP, 20, 598. 95 M 1-2, K=0 C®Hy,l 
27, 333. 85 M 3-4, v=0 ICE 
29, 673. 95 M 1-2, K=0 C®H,l 
27, 336. 68 M 3-4, v=0 IC] 29, 688 s C,"H,O 
27, 337. 38 M 3-4, v=0 Ic] 29, 700 5-6 CX®H,N'"C2Xs 
27, 346. 3 M 3-4, v=0 IC] 29, 735. 71 M 1-2, A l C®H,l ‘ 
27, 354. 71 M 3-4, v=0 IK 9, 773. 95 W 1-2, K=0 C®H,l ‘ 
27, 356. 58 M 3-4, v=0 it 29, 782. 71 M 1-2, K=1 C’Hgl ; 
27, 357. 73 M 3-4 0 I 29, 872. 52 M 1-2, K=0 C®H,l 9 
27, 412 M CH,CF 29, 914. 66 Ss N“H 
27, 478 Ss N"H 29, 923. 50 M 1-2, A=1 CYHgl | 
27, 681 s CH,CI 29, 939. 87 M 1-2, K=1 CvH,l ( 
27, 772. 52 M NH 29, O86. 84 W 1-2, K=1 C®Hy,l & 
30, 046. 99 M 1-2, K=0 C"H,l 
27, 818 s CH,.CI 30, 075. O08 M 1-2, A l C®H,l 6 
27, 972 Ss CH,CI 30, 079. 72 M 1-2, A=0 CH! 6 
28, 069. 99 W 1-2, K=0 CH! 30, 121. 32 M 1-2, K=0 C®8H,l 6 
28, 145. 01 W 1-2, A=0 CHI 16 
28, 174 Ss CH.CI 30, 123. 64 M 1-2, K=1 CPH,l 6: 
30, 179. 71 M 1-2, A=0 C’H,l 
28, 206. 90 W 1-2, A l C'“H,l 30, 215. 95 M 1-2, A | C°H,l S 
28, 253. 84 W 1-2, A l C'H, | 30, 453. 46 M 1-2, A=0 CreHal or 
28, 314 W CH,CI 31, 020. 7 2-3 CF,CH 5, OM 
28, 339 M CH,CI 31, 066. 8 2-3 CF,CH 15, O' 
28, 343. 64 W 2, A=0 C'H,l 31, 114.4 2-3 CF,CH Os 
31, 279. 60 M 1-2 PI 
28, 380 1-5 C“’H,S”®C®N" 31, 424. 97 Ss N“H; », OF 
28, 411. 19 W 1-2, K=1 C°H,I le 
28, 412 Ss CH,.CI 31, 718 28 M 1-5, v= 0 IC3N" of 
28, 439 M CH.CI 31. 730. 50 M 1-5, r=0 ICUN 61 
31, 741. 50 W -5. v=—0 IC8N" 
28, 458 M CH.CI 31, 763. 34 M 1-5, v=0 IC™N" 63 
28, 495 Cep,O 31, 783. 31 M 1-5, »=0 ICuN 63 
28, 518. 14 W 1-2,K=0 C°H,I 4 
28, 550. 86 Ww 1-2,.K=0 C°H,I 31, 793. 46 M 1-5, o=0 IC@N" a 
8, 551 Ww CH.CP, 31, 848. 77 M 1-5, v=0 IC@N" 82 
31, 943 C®D,O eo 
28, 575 W CH,.CFP, 32, 200. 58 Ss 1-5, v=0 IC2N" 93 
28, 594. 74 W 1-2, K=1 CHI 32, 203. 57 Ss 1-5, v=0 IC@eN 35, 91 
28, 604. 73 s N“H 91 
28, 615 W CH,CI 32, 215. 56 Ss 1-5, v= 0 IC2@N" 85 OI 
28 650. 91 WwW 1-2, A=0 C'H,l 32, 226. 85 Ss 1-5, v=0 IC2N" 
32, 248. 52 Ss 1-5, v=0 IC? N'" 35. O15 
28, 687. 21 W 1-2, K=1 C°H,I 32, 268. 33 S 1-5, v=0 ICeN" 91¢ 
28, 689 W CH,CI 32, 278. 55 Ss 1-5, v=0 IceN" 914 
28, 852 ; CH,CP, 919 
28, 858 ; CH,CF 32, 386, 29 s 1-5, v=0 ICceNn" ann 
28, 054 s CH.Cl 32, 392. 59 M 3-4, v=0 Br'C3N" 7 
32. 409. 06 M 3-4, vp=0 Br'C4UN'" 
28, 974. 85 H,.CO 32, 581. 73 M 3-4, v=0 Br° Cun 
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juency —_ Tra sition Molecule Frequency — Transition Molecule 
601. 46 M 3-4, »=0 Br® CBN" 36, 488, 82 S 2-3, v=0 OBCPS* 
643. 13 M 3-4, vp=0 BriCeNu 36, 632 M CH,CI 
720, 28 M 3-4, v=0 BeiCe Nu 36, 791 Ss CC," HO" 
770. 13 s 3-4, »p=0 BriCe2 Nu 36, 793. 64 0-1 C®H,CeNn" 
786. 65 M 3-4, »n=0 BriC2 Nu 36, 794. 26 0-1 C®H,C#Nn" 
36, 794. 88 0-1 C“2®H,CeNu 
804. 56 M 3-4, v=0 Br®CeNnu 
113. 24 M 3-4. o=0 Br'iCeN 36, 795. 38 0-1 CYH.Ce&Nn 
956. 68 M 3-4, »=0 Br?CeNu 36, 796. 27 0-1 C®8H,CeNn' 
976. 40 S 3-4. »=0 Br®?Ce2ny 36, 797. 52 : 0-1 CekH.CRNu 
156. 95 Ss NH; 36, 870. 94 0-1 C8®H,CeNn" 
36, 903. 40 0-1 C“’H,.ceNnu 
285 Cep,o" 
150 CeH,ON 36, 942. 15 0-1 Ce8H.Cen 
158 CeH,oO! 37, 329 Ss C,PH,O 
1, 627. 24 M 1-2, K=1 BUH.CXo 37, 385. 18 M NUH 
1, 627. 50 M 1-2, K=1 BUH.CeoO 37, 781 S CC," HO 
38, OO6. 47 \W 1-2, A l CH,Br 
627. 73 M 1-2, A=1 BYUH,Cceo 
627. 89 M 1-2, K=1 BUH,CeO 38, 030. 77 M 1-2, K=0 CH,Br* 
628. 62 M 1-?, K=0 sUHLCRO 38, 066, 72 W 1-2, A l CH,Br 
628, 90 . 1-2. K=0 suH.CLO 38, 097. 45 M 1-2, K=1 CH,Br* 
629. 32 M 1-2, K=0 suFT.CRO 38, 116. 65 M 1-2, K=0 CH,Br 
38, 126. 97 MI 1-2, A=0 CH,Br 
SRO. O5 \ 2-3 0 CHCBN" 
067. 99 M 2-3, v=0 ew 38, 128. 40 WW 1-u, K=1 CYH Br® 
068 CeD,O 38, 157. 30 M 1-2, K=0 CH ,Br® 
080. 39 5 2-3 0 CP'C2N" 38, 157. 70 W 1-2, K=1 CYH,Br 
O84. 15 5 <-3, v=0 CPCeN" 38, 175. 08 M 1-2, K=1 CY HBr! 
38, 200. 52 W 1-2. K=!1 CY’H,Br® 
O91. 97 \l 2-3. 1 0 CHCRNW 
am Oe M | ,e=0 N“H 38, 218. 21 Moo 1-2, K=1 ) CPH, Br"! 
mene CAD 38,237.14 M | 1-2,K=1 C®H,Br 
——) eS ee | ae 38,247.77 | M9 1-2,K=0 | C®H,Br 
634. 85 M 2-3 y—0 CEscuxn 38, 260, 10 \I 1-2, K=0 CeH,Br 
639. 78 M 2-3 0 CECBNu 38, 272. 40 M 1-2, A=0 CPeH,Br® 
649. 56 \W 2-3, »=0 CHCBN 
805. 09 S 9-3 0 CpCeNu 38, 309. 45 \ 1-2, A=1 CeH,Br 
820. 65 S 2-3 »=0 CHECrN 38, 330. 25 M 1-2, A=1 CeH,Br 
38, 381. 70 M 1-2, A=1 CYeH Br 
825. O5 S 9-3 »v—0 CBCRNM 38, 404. 49 M 1-2, A=0 CCPH, Br 
835. 74 oS 9-3 + 0 Cp ‘ 38, 417. 09 M 1-2, A 0 ( HBr 
917. 62 M 1-2, K=1 BYH,C"O 38, 702 s C,°H,0 
917. 88 M 1-2, A=] BVH CPO 
35. 918. 20 W 2 Ka} sOHL.CRO 38, 782. 21 1-2, A=1 CRH NM¢ 
38, 783. 21 1-2, A=0 CRH NM 
918. 50 M 1-2, K=!1 BYeH.Ceo 39, 582 M C,"H,O 
919. 02 W 1-2, K=0 SH .CRO 39, 592 CeD,O 
919. 53 M 1-2, K=0 BYH,CeO 39, 677 Ss C,"H,O! 
919. 86 M 1-2, K=0 BPH,Ceor 39, 941. 54 M N“H 
920. 14 M 1-2, A=0 BYH,CeOr 10, 210. 27 12 K=) CeH NM 
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raRLeE 2 Lines listed by frequency—Continued TaBLe 2 Lines listed by frequency—Continued 


Frequency Inten- Transitior Molecule Frequency Inten- Transition Molecule 
Sity sity 
10, 211. 16 .| 1-2, K=0 Ce®H NYC 19, 724. 73 M 0-1, A=0 CSH,1 
10, 313. 37 1-2, A=0 CYeH NC! 50, 236. 90 W H DO" 
10, 364. 07 CYA N¥Cce 51, 071. 69 Ss C°YH.F 
10, 366, 55 CYA NCR 
51. 260 9.3 CYH.CeceH 
10, 424. 49 CeYA.N'CH 51, 264 9.3 CY®H,C’cen 
$1, 394, 95 Ss 2 HC®} 51, 266 9-3 C°H,C’Cen 
41, 581 C,"H,O! 51, 296 2-3 C8H,C’CcrH 
13, 398 CeH,o 51, 313 2-3 C8 H,Ce8Ce®l 
$5, 324. 24 0-1 CH,NH, 
51,314 2-3 CYeH,.ceceH 
16, 918, 82 M 2-3, K=0,1 PI 51, 318 2-3 CYH,CeCrH 
16, 919. 02 M | 23,K=2 | PI 51, 319 2-3 CPH,C’CrH 
16, 940 PF, 51, 334 2-3 CYeH.Cecey 
17. 010 PI 51, 363 2-3 CeH,CeceH 
17, 033 PI 
51, 410 2-3 C®H,CX’CceH 
17. 040 Py 51, 116 2-3 CeH,CcrcerH 
15, 324. 94 0-1 CH,NH, we, So8 2-3 C8H,C8C'l 2 
17. O52 CYeH.OD 51, 419 2-3 CeH,CeCeH 
17. 266 CYH.OD 51, 464 2-3 CeH,cCeceH 
17, 346 C®8H,OD 55. 916. 19 S 6-7 Ov“crs, 
56, 246. 47 Ss 6-7 ONCE Ss 
17, 462. 40 s 3-4, »=0 OvVCES* 56, 593. 16 S 6-7 Ovcrs, 
17, 840 CH,OH 60, 814. 08 Ss 1-5. »=0 On~.C2S 
18, O10 . CH,OH 72, 409. 35 : H.CO 
48, 211. 46 Ss 5-6 ONCESe” , 
18, 284. 60 HCO 72, 838. 14 HCO 
73, 742 5 8-9, v=0 BreCeNn" 
18, 357 CH,OH 74, 165 s 8-9, »=0 BreCeNu 
18, 363 CH,OH 77, 413 8 11-12,e=0 IC#N" 
18, 396 CH,OH 81, 936 s 9-10, »=0 {psc Ni 
18, 404 CH,OH 
£8, 50S. SS Ne) >-6 OMCESe™ 82, 405 S 9-10, »=0 Br? Cen 
83, 864 Ss 12-13, »=0 [Cen ; 
18. 700 CH.OH 88, 671 Ss 0-1 HCeN" 
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